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ABSTRACT 
There is growing evidence that maximal surgical resection of malignant gliomas is beneficial, 
both by increasing the progression free survival (Stummer, Pichlmeier et al. 2006) and also 
by facilitating postoperative chemotherapy and radiotherapy (Stupp, Mason et al. 2005). In 
this context there has been an increased need for real time intraoperative imaging in brain 
tumour surgery. The complex theatre arrangements, prohibitive cost and prolonged theatre 
time has restricted the wide application of intraoperative MRI (iMRI). Modern intraoperative 
ultrasound, which in the past has been relatively underused in oncological neurosurgery, is 
affordable, and easy to use (Unsgaard, Ommedal et al. 2002), but has not been robustly 
validated.  
This study attempts to histologically validate the accuracy of the intraoperative US and to 
explore its potential as an intraoperative navigation tool, which can accurately guide biopsies 
and resections of intrinsic brain tumours. The digital data extracted from US images obtained 
during ultrasound guided biopsies was correlated with the histology of the relevant 
specimens. Image analysis of selected regions of interest (ROI) was employed to extract 
quantitative parameters from the digital ultrasound images. The mean pixel brightness (MPB) 
and the standard deviation (SD) were correlated with histological parameters. The pattern of 
histograms from the selected ROIs was observed and correlated with the histological 
findings. A close correlation was observed between mean pixel brightness (MPB), an 
objective measure of echogenicity, and cellularity and an equally close correlation between 
the standard deviation (SD) and the intrinsic cellular diversity of the analysed areas. These 
two together, despite not being specific, can indirectly suggest the nature of the tumour and 
also reflect the sensitivity of intraoperative US to detect the presence and the extent of 
intrinsic brain tumours. Our findings could have translational potential as an intraoperative 
guidance tool.  
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INTRODUCTION 
Defining the real extent and true biological potential of intraaxial primary brain tumours has 
been a difficult challenge for more than a century. Bailey and Cushing recognized very early 
that the difficulty in treating the intrinsic brain tumours is directly related to the infiltrating 
potential of the tumours (Bailey P 1926). In the early days of neurosurgery extensive 
resections of healthy brain parenchyma, which included the tumour, were carried out by 
eminent neurosurgeons in already hemiplegic patients, but failed to cure high grade brain 
tumours (Dandy W E 1928). Nowadays despite the wide availability of modern imaging 
modalities, improved surgical technology and new adjuvant treatments, the prognosis of these 
tumours still remains poor, with variations that mainly depend on the grade of the tumour, the 
age and the performance status of the patient (Tanaka, Louis et al. 2012). The slow progress 
in establishing the role of surgery in the treatment of these tumours over the years is also due 
to the inability of the surgeons to objectively estimate the extent of resection they achieve. 
There is evidence that surgeon’s intraoperative estimate of the extent of resection is far away 
from being accurate (Albert, Forsting et al. 1994). As a result, until recently before the advent 
of intraoperative MRI most studies were based on subjective estimates rather than objective 
volumetric data correlated with outcome. 
Despite controversy, the extent of glioma resection has become more and more relevant due 
to a definite trend in the literature which supports that maximal safe resection and adjuvant 
treatments improves outcome (Stummer and Kamp 2009). For this reason the role of 
intraoperative imaging has gained an ever increasing role in the management of the intrinsic 
brain tumours.  
The aim of this project and its justification 
The aim of this chapter is to explain why this study is significant in the context of the current 
trends and challenges in the management of primary brain tumours. During the last few years 
has been a significant shift in the management of primary brain tumours. Despite still 
controversial, the role of surgery has been upgraded for both low and high grade intrinsic 
brain tumours. In this context intraoperative navigation has more than ever become an 
indispensable surgical tool for guiding biopsies or tumour resections. On the same direction 
adjuncts like 5 ALA (5 -Aminolevulinic Acid) have also been developed to assist 
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intraoperative identification of high grade brain tumours. There is no doubt that the overall 
level of expectations has raised significantly and is now dictated by formal multidisciplinary 
meetings. The usual approach is that when not limited by eloquent cortex the aim is complete 
or almost complete excision of the enhancing component of high grade tumours or the area of 
high signal in FLAIR MRI for low grade infiltrative tumours.  The conventional navigation 
frameless stereotactic systems, widely used for more than a decade, have certainly laid the 
way for the development of the intraoperative guidance technology and have targeting 
accuracy which is very close to that of framed stereotactic systems (Bjartmarz and Rehncrona 
2007). For this reason framed stereotactic tumour biopsies have been completely abandoned 
these days. Intraoperative image guidance, updated by intraoperative MRI (iMRI) during 
resections (to assess the progress) and just before closing (to look for residual tumour) is 
considered, when it comes to resections of intrinsic tumours, the most accurate intraoperative 
navigation tool. This is because it has been shown that real time imaging is beneficial as is 
not significantly affected by the brain shift that happens during craniotomies (Reinges, 
Nguyen et al. 2004). The availability of the iMRI has been however limited  due to its high 
cost, complex theatre logistics and significantly prolonged theatre time (Ng 2010).  
Despite US’s long history as a bedside and intraoperative guidance tool in other specialties, 
its utilization in neurosurgery has been limited over the years due to the poor image quality of 
the early ultrasound machines, the operator dependent image quality and interpretation, and 
the large size of US probes which made it impractical for most neurosurgical procedures 
undertaken for brain tumours. In the last decade however, a few neurosurgical centres, 
especially in Scandinavic countries, presented encouranging results demonstrating significant 
improvement in the biopsy and resection of brain tumours by using newer models of 
intraoperative US with significantly improved image quality and smaller probes (Rasmussen, 
Lindseth et al. 2007; (Unsgaard, Rygh et al. 2006). None of these studies however provided 
adequate validation of the accuracy of the intraoperative US and they also failed to address 
the subjective component in the interpretation of the images. In fact, all studies compared the 
ability of a surgeon to achieve resection of brain tumours with and without intraoperative US, 
considering firstly the surgeon an experienced US operator and secondly an objective 
interpreter of the images.  
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The basic principle that forms the basis of the operation of these systems is high definition 
(ultrasound calibrated specifically for brain parenchyma), three dimensional (3d 
reconstruction using data from multiple 2d ultrasound images) US that can be obtained 
intraoperatively on several occasions (as frequently as needed), and is used to update the 
navigation data initially  obtained with the preoperative imaging. In fact two different 
image modalities (the US and the preop MRI) share the same system of coordinates. Authors 
who used this type of navigation have reported encouraging results about the feasibility of 
these navigation systems as a cheap and affordable alternative of the iMRI guidance 
(Unsgaard, Rygh et al. 2006) . Despite the encouraging reports however there has been no 
formal validation of the acccuracy of this type of navigation and this is what we aim to 
address with this study.  
The preliminary observational study presented here aimed to provide histological validation 
of the high sensitivity and accuracy of the intraoperative US and also explore the maximum 
potential of the intraoperative US imaging to identify the presence and extent of primary 
brain tumours. To make our observations as objective as possible we employed image 
analysis to extract quantitative features from the digital images we obtained at the time of the 
biopsies and we corellated these features with the observed cellularity of the relevant 
specimens. The hypothesis of the study is that because of its mechanical nature US is very 
sensitive to any change of the density of the brain parenchyma. As any pathological state and 
especially intrinsic tumours alter the density of the brain parenchyma US is able to detect the 
presence and extent of brain tumours. This study is justified as it can prove the high 
sensitivity and accuracy of an affordable image modality which is significantly 
underinterpreted with bare eye interpretation. Proving our hypothesis is significant as it 
would also lay the way to develop technology that would further enhance our ability to 
interpret digital intraoperative ultrasound images at a higher level. Such technology could 
assist significantly intraoperative identification of the extent of brain tumours, could help 
identify residual tumour within surgical cavities and could make it possible to detect areas of 
high grade tumour within low grade tumours. We do recognise that it will be necessary to 
validate our observations with larger studies.   
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We would like to clarify that comparison of the system we used for this study with other 
intraoperative navigation systems and measurement of clinical outcomes using this particular 
system both fall beyond the aims of this study. Strict selection criteria applied for the images 
included in the study aimed to enhance our ability to test our working methology, so despite 
the resulted bias, which we acknowledge, we do not believe it impairs the significance of our 
results, which mainly serve as initial observations.  
How this study is justified in the context of the nature and the management of various 
intrinsic brain tumours 
The nature of the intrinsic brain tumours, their location commonly close or within eloquent 
brain and the requirements for their management make accuracy of image guidance systems 
paramount. Features and managements of the intrinsic brain tumours relevant to this project 
will be shown (see table 1).   
The WHO classification has been the single universally accepted nomenclature used to 
classify brain tumours according to their histological characteristics and potential of growth. 
The newest 2007 version has introduced new tumour entities and subgroups taking into 
account new genomic data (Rousseau, Mokhtari et al. 2008). The challenges associated with 
the surgical management of most of these tumours are related closely to their intrinsic nature. 
The management of extraaxial tumours like meningiomas can also be challenging, due to 
their size, location and blood supply, but as these tumours are demarcated from the 
surrounding brain, and in the vast majority of the cases rigidly attached to dura, they do not 
represent a surgical challenge from the intraoperative navigation point of view. On most 
occasions conventional navigation (based on preoperative scans) to plan the extent of the 
surgical flap is enough to facilitate surgery. Despite all the above we found the Doppler 
function of our 3DiUS very useful to establish the relation of the tumour with nearby major 
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arterial trunks or anatomically important veins. 
 
Figure 1 - Large skull base meningioma 
Neuroepithelial tumours represent the commonest intraaxial brain tumours after metastases. 
Among them glioblastoma multiforme is the commonest and most malignant primary brain 
tumour. Neuroepithelial tumours are named after their cell of origin, and they are classified in 
four WHO grades depending on their histological features. With the exception of the grade I 
tumours all neuroepithelial tumours share common features like brain infiltration, histological 
grade heterogeneity and tendency to transform to more malignant grades. Older and more 
recent studies confirmed histologically that the infiltrating margins of high grade gliomas 
extends much further than the enhancing rim seen on enhanced MRIs (Yamahara, Numa et al. 
2010). This inherent tendency to infiltrate brain tissue far away from the macroscopical 
margins of the tumours is the main reason behind the inability of surgery and radiotherapy to 
eradicate these tumours. There is currently significant ongoing research aiming to quantify 
infiltration and find ways to track tumour cells that migrated away from the tumour (Zhang, 
Xie et al. 2010). Despite advances of all treatment modalities, which have led to some 
improvements of the outcome, there is still controversy about the optimum treatment of these 
tumours. On most occasions the management is tailored to the age, performance of the patient 
and the anatomical location and grade of the tumour. Despite controversy there is more and 
more evidence to support that maximal safe resection in conjunction with adjuvant 
oncological treatment achieves the best possible survival and improves symptoms related to  
mass effect of these tumours.   
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The increased knowledge about the heterogeneous histological and genetic profile of these 
tumours is reflected on the significant role that accurate image guided biopsies play in the 
management of these tumours today. The role of the biopsies is particularly significant in 
grading low grade tumours, suspected of undergoing malignant transformation. In these cases 
the real aim is not only to establish the diagnosis but also to establish a histological diagnosis 
that represents the true biological potential of the tumour. This is usually achieved through 
advanced preoperative MRI imaging which looks at the regional blood supply of the tumour 
and the molecular structure of areas suspected to have undergone malignant transformation. 
For higher grade tumours brain biopsies are only carried out for inaccessible tumours, very 
extensive tumours and poor performance patients, especially if they are older.   
All grade WHO II- IV tumours share common features, among which brain infiltration of 
various degrees is the reason why most of these tumours are surgically incurable and also 
inherent tendency to transform to more malignant tumours at some point. The tendency of the 
lower grade tumours to transform to higher grade tumours depends also depends on their cell 
line of origin, and histological subtype. Pure astrocytic tumours of gemistocytic subtype are 
those considered to have a the highest tendency to tranform to a higher grade tumour.  
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Origin Entity WHO Epidemiology 
Neuroepithelial Astrocytomas I The commonest primary brain 
tumour in children 
    II 10-50% of all astrocytomas. 
Commonest in young adults 
    III 45-50 years 
    IV Most frequent intrinsic brain 
tumour. 60-75% of 
astrocytomas. 12-15% of all 
intracranial neoplasms 
  Oligodendrogliomas II 5-6% of all gliomas. 2.5% of 
all primary brain tumours 
    III 1.2% of primary brain 
tumours 
  Mixed gliomas II, III   
  Ependymomas I 10% of all ependymomas 
    II, III 6-12% of all intracranial 
tumours. 30% of the tumours 
in children. 2-9% of  the 
neuroepithelial tumours 
  Choroid Plexus I, II 0.3-0.6% of all brain tumours 
    III 20% of CPPS. 80% of them 
arise in children  
  Gliomatosis cerebri III Rare. Peak incidence 40-50 
yrs 
  Neuronal and mixed neuronal 
tumours 
I, II, III 1.3% of all brain tumours 
  Pineal tumours II, IV 40% of all pineal region 
tumours. 0.3% of all 
intracranial neoplasms 
  Embryonal tumours IV 0.5/100,000 children,15 
 
Table 1 - Intra-axial primary brain tumours 
 
Grade I tumours of any cellular origin are slow growing tumours with minimal or no brain 
infiltration that can be surgically cured if completely removed. Pilocytic astrocytomas, 
subependymomas, and choroid plexus papillomas are among the commonest tumours in this 
group and are most commonly seen in children and young adults. The symptoms they 
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produce depend on their size and location and mainly caused by direct mass effect or 
hydrocephalus (in the case of subependymoma and choroid plexus papillomas). Some other 
grade I tumours like dysembrioplastic neuroepithelial tumours (DNT), commonly present 
with seizures. Brain invasion is rare for grade I tumours but can occasionally be seen with 
diffuse optic pathway gliomas and the chiasmatic-hypothalamic gliomas. These paediatric 
tumours despite being histologically pilocytic astrocytomas tend to behave in a more 
agressive way and they are commonly surgically incurable. Apart from brain invasion their 
close relationship with the optic nerve or hypothalamus also contributes to this.. It is usual 
practice when optic nerve gliomas have already caused complete unilateral visual loss to be 
excised ‘en bloc’. In grade I tumours the importance of intraoperative navigation is 
paramount as surgical cure with no neurological deficit should be the aim of surgery. 
Grade II neuroepithelial tumours, collectively called low grade gliomas (LGGs) represent a 
heterogeneous group of tumours that are mostly represented by the grade II infiltrative 
astrocytomas, oligodendrogliomas, and mixed oligoastrocytomas. There are also other less 
frequent grade II tumours like gangliogliomas, pleomorhic xanthoastrocytomas, which are 
characterized by cortical or subcortical location. Central neurocytomas are grade II neuronal 
tumours with intraventricular location, which are treated with surgery. Among the grade II 
tumours the infiltrative low grade astrocytomas have attracted a lot of attention over the years 
because of their inherent potential to undergo malignant transformation at some point during 
their clinical course. The role of surgery for these tumours has been a subject of debate for 
decades and the level of the available evidence is limited to a few good retrospective studies. 
It is widely recognized that decision making for this type of tumours is difficult. The patients 
are commonly young and usually neurologically intact. The usual presentation is seizures, 
which in most occasions are controlled successfully with antiepileptic medication. The big 
dilema in the management of these tumours is whether surgery can change the overall 
outcome and whether it is justified to risk neurological deficit on a fully functioning young 
patient with life expectancy of several years in order to change the outcome. The spatial 
definition of these tumours regardless their histology was an early attempt to standardize the 
surgical management but it gained very little popularity (Daumas-Duport, Scheithauer et al. 
1987). What we know for sure is that these tumours will transform to a higher grade at some 
point in their clinical course (Piepmeier and Baehring 2004).   
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The best available evidence about the benefits of surgical management, currently widely 
accepted, is based on two retrospective studies that both confirmed that if not limited by 
eloquent cortex surgery for LGG is overall beneficial (McGirt, Chaichana et al. 2008; Smith, 
Chang et al. 2008). Recent studies looking at the role of the iMRI in the surgical management 
of these tumours also support the idea that maximal safe resection guided by intraoperative 
navigation improves the overall outcome of these tumours (Claus, Horlacher et al. 2005).  
Analysis of data from the EORTC trials have been used to identify poor prognostic factors 
for the overall outcome in patients with low grade gliomas. The age of the patient, the 
diameter of the tumour on diagnosis, crossing the midline, and neurological deficit on 
diagnosis were found to correlate with poor prognosis. Astrocytic tumours have generally 
worse prognosis than mixed tumours and pure oligodendroglial tumours (Pignatti, van den 
Bent et al. 2002). More recently there has also been significant interest about the growth rate 
of the Low Grade Gliomas. Small studies have also concluded that looking at the growth rate 
of Low Grade Gliomas in six months (as measured with serial volumetric scans) is 
prognostically more significant than the diffusion and perfusion scans (Brasil Caseiras, 
Ciccarelli et al. 2009). 
Glioblastoma multiforme (GBM) is the commonest and most malignant primary brain 
tumour. It is characterised by significant histological and genetic heterogeneity (von 
Deimling, von Ammon et al. 1993). It derives de novo or after malignant malformation of 
low grade gliomas. Genetic subgroups of these tumours with better response to treatment 
(Hegi, Liu et al. 2008) have been defined. Genetic labeling is currently gaining increasing 
popularity (Ichimura, Ohgaki et al. 2004) and it is likely that will soon become part of the 
routine testing.  
Despite the fact that the best management for these tumours is still a subject of debate it is 
well established that Temozolamide concomitant to radiotherapy followed by adjuvant 
Temozolamide has a statistically significant benefit in survival.  
The benefit of surgery is not as rigidly established but the maximal safe resections is gaining 
popularity as there is now increasing evidence to show that maximal safe resection, assisted 
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by intraoperative navigation and other adjuncts offers a benefit on the progression free 
survival (Stummer and Kamp 2009).  
Oligodendrogliomas are infiltrative gliomas histologically typical for the particular 
arrangement of their capilary network. They are usually located in the cerebral hemispheres 
and they most frequently present with seizures. Macroscopically they are characterised by 
frequent occurence of calcification, cysts, rich capilary network and haemorrhages. They are 
commoner in young adults. It is generally believed that they represent up to 5% of the 
primary brain tumours (Mork, Lindegaard et al. 1985). There is some controversy about the 
way they should be graded. There are several authors who believe that the traditional 
‘chicken wire’ and ‘fried egg’ appearance are not reliable diagnostic criteria and they support 
the idea that these tumours are possibly undereported as they are misdiagnosed as infiltrative 
astrocytomas (Fortin, Cairncross et al. 1999). Some oligodendrogliomas can be anaplastic. 
The usual surgical management is maximal safe surgery for low and high grade 
olidendrogliomas. The EORTC trials showed that postoperative radiotherapy does not 
improve survival for the grade II tumours, but it can increase the 5 year progress free survival 
(van den Bent, Afra et al. 2005). Commonly radiotherapy is deferred while the patients are 
carefully monitored. For anaplastic oligodendrogliomas there seems to be some benefit of 
radiotherapy with adjuvant PCV chemotherapy by prolonging the progression free interval. 
This benefit was more evident for the 1p/19q deletion subgroup (van den Bent, Carpentier et 
al. 2006).  
Challenges in modern brain tumour surgery 
This section aims to explain where tumour surgery stands today and which are the challenges 
that need to overcome. The debated role of surgery in the management of neuroepithelial 
brain tumours is itself a justification for well validated and affordable navigation systems that 
should be used routinely by neurosurgeons.  
The surgical management of the neuroepithelial brain tumours is by definition challenging for 
well described reasons, such as the vague definition of the margins of the tumours and 
infiltration of eloquent structures of the brain. In the recent past significant developments in 
the imaging technology enabled neurosurgeons to gather preoperative signficant information 
about the probable nature, and metabolic profile of brain tumours, their extent and their 
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anatomical relations with eloquent brain structures. Functional MRI and MR tractography 
(DTI MR) made it possible to approximately visualise functioning eloquent cortex and 
subcortical tracks. It is also possible to validate this preoperative information by using motor 
evoked potentials (MEP) in the anaesthetised patient and also carry out cortical and 
subcortical stimulation mapping during awake craniotomies. The advent of frameless image 
(CT or MR) navigation revolutionised the way brain surgery is performed. The use of these 
systems for biopsies has been successful and reported as highly accurate. Frameless image 
guided biopsies are today considered the broadly accepted way of performing brain biopsies 
with very high accuracy (Chernov, Muragaki et al. 2009). The use of frameless image 
guidance for the resection of brain tumours has undoubtly improved the way we operate brain 
tumours and there is evidence that its use is associated with better surgical results and better 
survival (Kurimoto, Hayashi et al. 2004). The recent advent of 5 ALA fluorescent guided 
resections has boosted even further the ability of neurosurgeons to identify residual high 
grade tumours and there is now level 1 evidence that 5 ALA guided high grade glioma 
resection is beneficial by prolonging the progress free survival of high grade glioma patients. 
Despite the progress made the accuracy of conventional navigations can be affected during 
debulking of tumours as a result of CSF loss, reduction of the volume of the tumour and brain 
swelling significantly affects accuracy. As a result these are not the established navigation 
systems for all purposes. Today we all know that when it comes to debulking of intraxial 
tumours, frameless image guidance systems are only useful to plan the surgical approach and 
the extent of the craniotomy flap. After the dura is opened most neurosurgeons who do not 
benefit from the availability of real time navigation system rely on their experience to 
differentiate brain tumour from surrounding brain tissue. This can be, not ingrequently a very 
difficult task even for the most experienced neurosurgeons. Operations done without real 
time intraoperative imaging not only risk to leave significant residual tumour, but also risk to 
cause preventable neurological damage when the tumour is located close to eloquent areas. 
Subjective estimates tend to overestimate the volume of the resected tumour. The accuracy of 
conventional navigation due to volume chnage of the tumour during resection is less affected  
in skull base tumours and extraaxial lesions where the surgical target remains firmly attached 
on a rigid landmark. As a result of all the above iMRI has been the undoubted single solution 
for intraoperative guidance. Despite the increasing number of neurosurgical centres aquiring 
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iMRIs it is still a facility that only few neurosurgical centres in the world afford to have. 
There is no doubt that there is need for affordable real time navigation system to guide brain 
tumour surgery. Our project aimed to prove that the afffordable 3DiUS is also highly 
sensitive and accurate.  
Real time navigation does not only concern resection of tumours. Brain biopsies are equally 
important and represent the corner stone of the diagnosis and management of the primary 
brain tumours. In the light of new data about the histological and genetic heterogeneity of 
primary brain tumours, there is an increasing need to achieve biopsies that will truly represent 
the true potential of the brain tumours. This is particularly the case with grade II infiltrative 
astrocytomas where undergrading the biopsied tumour is a rare occurance, but still possible 
(Muragaki, Chernov et al. 2008). The accuracy of brain biopsies for primary tumours has 
been reported as variable but generally high. It is generally accepted that the available 
technology today allows frame-based or frameless image-guided biopsies to be carried out 
with very high accuracy, which some authors report to be as high as 98% (Gralla, Nimsky et 
al. 2003). This high accuracy has also been confirmed in studies where the brain biopsy result 
was compared with the histology obtained when the whole tumour is excised in a short 
interval after the biopsy (Woodworth, McGirt et al. 2005). Due to this new knowledge about 
the heterogeneous nature of the brain tumours it seems that brain biopsy has been charged 
with new more challenging roles and the pressure on surgeons for accurate results and 
outcome measurement is mounting. This is clearly reflected in the literature where there is a 
trend of perfoming biopsies guided by more and more advanced imaging, trying to target not 
only the traditional targets like the solid or enhancing component of the tumour but also the 
areas with certain molecular and metabolic profile to represent the true biological potential of 
the tumour. In one of these studies the accuracy of MRS-guided biopsies was found to be 
100% for establishing the histological diagnosis, an accuracy rate which was confirmed by 
comparing the biopsy results with the histology of the fully excised tumour in a short interval 
after the biopsy. The authors in this study concluded that employing MRS-guided biopsies 
did not offer statistically significant advantage to the MR-guided biopsies (Chernov, 
Muragaki et al. 2009). Early diagnosis of malignant transformation facilitates swift decisions 
about surgery or further oncological treatment and avoids unecessary delays caused by slow 
decision making or need to repeat the biopsy.  
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The benefit of resection of primary brain tumours, both high and low grade tumours, has been 
strongly debated for decades. In the absence of universally accepted guidelines, surgeons 
manage these tumours adjusting their management to the particular features of the tumours 
and premorbid state and performance of the patient at the time of the diagnosis. The WHO 
grade, the eloquence of the location of the tumour and its relation to other vital strutures and 
major vessels play significant role in deciding whether to operate or not and which are the 
aims of surgery.  
For high grade astrocytic tumours it is broadly accepted that surgery alone can not be curative 
due to the way these tumours expand. Cells from high grade tumours can migrate along white 
matter tracks, can cross the midline along commisural fibres and can produce distant deposits 
in the brain following CSF pathways. Today the usual practice is based on some evidence 
that maximal safe resection, if the tumour is sugically accessible, followed by radiotherapy 
and concurent Temozolamide, followed by adjuvant Temozolamide improves outcome 
(Stupp, Mason et al. 2005). Debulking of the high grade gliomas is frequently indicated to 
improve symptoms produced by the mass effect of the tumour and prolong the progression-
free interval (Keles, Anderson et al. 1999). The general perception is that if debulking is 
attempted, one should aim to gross total resection of all enhancing tissue as partially 
debulked tumours are at high risk of postoperative bleeding and swelling, an entity often 
called ‘the wounded glioma syndrome’. The ‘wounded glioma syndrome’ is thought to be the 
result of the tumour-induced hypocoagulability caused by the surgery and it can occasionally 
affect distant tumour deposits (Koebbe, Sherman et al. 2001). It is commonly accepted that 
the threshold for maximal safe resection should be higher when the patients are older than 65 
(Kelly and Hunt 1994), although there are authors who believe that in carefully selected 
patients maximal safe resection improves survival (Vuorinen, Hinkka et al. 2003).  
There have been ambitious attempts by various authors to resolve the debate about the role of 
surgery in high grade gliomas but Meta-analyses which looked at the available literature of 
the last 20 years reached different conclusions. One definite school of thought is that 
debulking of a high grade astrocytic tumour does not have a substantial advantage when 
compared to biopsy followed by radiotherapy and chemotherapy (Metcalfe and Grant 2001). 
Other authors however support that despite persistent limitations in the quality of data used 
by previous studies, the overall evidence suggests that extensive surgical resection is 
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associated with longer life expectancy for both low- and high-grade gliomas (Sanai and 
Berger 2008). The discrepancy in the conclusions of similarly designed reviews can only be 
explained through the different parameters that the authors elected to include in their analysis. 
Our feeling is that in well selected patients, carefully planned and carried out maximal 
resection can improve the quality of life by reducing mass effect of the tumour and because 
of cytoreduction most likely potentiates the effect of the radiotherapy and chemotherapy. We 
are aware that there is no hard evidence for this.  
The debate about the beneficial role of surgery also extends into the area of the grade II 
infiltrative astrocytomas. Traditionally it has been considered that there is not enough 
evidence to safely support the advantage of surgery over conservative management in these 
tumours (Cairncross and Laperriere 1989). Currently there is a definite trend that supports 
agressive management of these tumours both in terms of surgery and oncological treatment 
(McGirt, Chaichana et al. 2008; Smith, Chang et al. 2008). Clinicians looking after patients 
with grade II astrocytomas usually follow strategies based on their personal experience. 
These range from immediate surgery, if the tumour is accessible, to conservative 
management and follow up with serial imaging. Postoperative radiotherapy was found to 
increase the progression free interval but not the overall survival (van den Bent, Afra et al. 
2005). Higher doses of radiotherapy were found to cause side effects but no improvement in 
the outcome (Kiebert, Curran et al. 1998). Some authors suggest agressive surgery for smaller 
accessible tumours in younger patients, although there is no evidence that this approach 
improves the duration of survival. It is also common perception that larger tumours, older 
patients, clinical progression (usually with deterioration in the frequency and severity of 
seizures), mass effect and midline shift, are all poor prognostic factors. In these cases and if 
the patient’s condition allows, agressive debulking is offered due to concerns of either early 
malignant transformation and/or rapid clinical deterioration. There is some evidence that 
among the poor prognostic factors mentioned above the preoperative tumour volume has the 
higher prognostic value (Mariani, Siegenthaler et al. 2004). A recent study suggested that low 
grade gliomas in eloquent areas are associated with higher morbidity and mortality due to the 
early development of deficits. The same study showed that maximal safe resection of these 
tumours using functional preoperative imaging and intraoperative stimulation cortical and 
subcortical mapping was associated with improved outcome(Chang, Clark et al. 2010). In the 
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contex of the increasing trend for surgery in the management of low grade gliomas real time 
navigation is getting an ever increasing role. The usual patient with low grade glioma is a 
patient with good performance score with a hemispheric infiltrative lesion with an expected 
average survival of 7-10 years. In these cases surgeons who decide to go ahead with surgery 
are under enormous pressure to achieve meaningful, maximal resection of the tumour and at 
the same time avoid neurologocal deficit. It is difficult to justify causing deficit in a young 
patient while attempting to remove a infiltrative tumour, which will not be cured by the 
operation. Due to their infiltrative nature and the background of the patients they affect, grade 
II astrocytomas are considered and should be considered a major surgical task that should be 
carefully planned. This is the kind of tumours we think will benefit mostly from affordable 
and easily usable real time intraoperative navigation. At present, with the exception of 
isolated centres with available intraoperative MRI, most neurosurgeons around the world 
perform these procedures using their personal experience in differentiating the texture of the 
tumour from that of the brain, something that is not easy to achieve even with most 
experienced eyes.  
The role of surgery in pilocytic astrocytomas is presented here as a good example of a 
potential surgical cure. Pilocytic astrocytomas are comonest in children and young adults and 
because of their benign histological features are classified as WHO I tumours. They are 
usually located in cerebellar hemispheres, optic nerves, optic chiasm or hypothalamus. They 
usually have well defined margins but may occasionally invade the brain stem or the 
hypothalamus making their complete removal technically impossible. In most cases 
cerebellar pilocytic astrocytomas can be completely excised. In tumours with a cystic and a 
solid component, excision of the solid component is enough as long as the wall of the cyst 
does not enhance. If it does, surgical removal of the cyst is also indicated. In the 
supratentorial pilocytic astrocytomas the decision making is more complex and depends on 
the degree of visual loss on the affected side, the relationship of the tumour with the chiasm, 
the hypothalamus and the age of the patient. For patients with complete visual loss en bloc 
excision of the tumour and the involved optic nerve is indicated. If the vision is partially 
preserved, however, the management is usually follow up with serial imaging and 
chemotherapy or radiotherapy depending on the patient’s age. Patients with chiasmatic 
gliomas are managed with a biopsy and chemotherapy depending on the patient age. Surgery 
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for hypothalamic gliomas depends on the extent of the tumour and can be rarely complete. 
For cerebellar pilocytic astrocytomas there is now new evidence to suggest that the 
recurrence rate does not depend only on the extent of surgical resection but also on specific 
histological features of the tumours. This can explain the notorious potential of some tumours 
to recur despite almost complete excision and also the long remission that follows subtotal 
resection of some other tumours. For this reason cerebellar pilocytic astrocytomas have been 
classified in type A and type B depending on certain histological features(Winston, Gilles et 
al. 1977).    
Brainstem gliomas represent a heterogenous group of infiltrative tumours mainly affecting 
children and with histology that varies from low grade to very malignant. For most of them 
surgery is only indicated in the form of biopsy to confirm the diagnosis, followed by 
radiotherapy and steroids. Regardless the histological grade these tumours carry a poor 
prognosis due to their location. Dorsal exophytic tumours are usually histologically benign 
and can be subtotally excised. The reason they are presented in this section is to strech the 
significance of real time imaging in cases where the surgeon may have to face tough 
intraoperative dilemas between underdebulking a low grade tumour and causing brainstem 
damage.  
The history and evolution of the intraoperative MRI  
In the light of new evidence about the way brain tumours expand and transform there is need 
more than ever of real time intraoperative imaging to enhance the accuracy of biopsies and 
maximise tumour resection. There is also need for objective intraoperative measurements to 
enable neurosurgeons to make on the spot intraoperative decisions, and also base their studies 
on objective measurements rather than subjective interpretations. This trend is clearly 
reflected in the rapid development of preoperative imaging that visualises eloquent cortex and 
subcortical white matter tracks in relation to the tumour (functional MRI, DTI MR 
tractography) and also in the more and more widespread use of intraoperative cortical and 
subcortical stimulation mapping and iMRI. It is obvious that there is currently a tendency to 
carry out modern neurosurgery dears to tackle tumours at more and more eloquent locations, 
and at the same time ambitiously attempts to maximise resection without increasing 
neurological deficit. 
Real time 3D US in the biopsy and resection of brain tumours 
Vasileios Apostolopoulos – Imperial College 2014 
 
28 
 
In the context of this trend iMRI has become a highly desirable intraoperative imaging and 
guidance system, and gradually has become more available mainly on the other side of the 
Atlantic, Japan and in major neurosurgical centres in Europe. iMRI systems usually come 
with integrated navigation systems and they provide uparalleled image quality and accuracy. 
However the high cost and the significant prolongation of the duration of the neurosurgical 
procedures are still considered significant obstacles in establishing it as the principal 
intraoperative neuronavigation system around the world (Fujii and Wakabayashi 2009).  
The intraoperative MRI was first developed in Brigham and Women's Hospital in Boston, 
Massachusetts in late 1980s. It was the result of collaboration between radiologists, engineers 
from the General Electric Medical Systems and the local neurosurgeons and ENT surgeons. 
The idea was to develop an open MRI scanner, which would allow surgery to be performed 
under the guidance of concurrent intraoperative image guidance. This new development 
required fundamental changes in the technological design of the conventional MRI known at 
that time. Early interventional procedures in an open MRI system were performed in a low-
field imager by Gronemeyer (Gronemeyer, Seibel et al. 1996). At those early stages access to 
the patient was significantly limited. This led to the development of the ‘double donut MRI’ 
(Schenck, Jolesz et al. 1995). Since then intraoperative MRI developed significantly. Modern 
high field iMRI is now a separate unit in a theatre where the theatre table rolls in at various 
stages of surgery. The benefits of using intraoperative MRI in neurosurgery is supported by 
good evidence (Oh and Black 2005). Despite its high cost there are authors who suggest that 
intraoperative MRI is cost effective as it reduces hospital stay and improves outcome 
(Kubben, van Santbrink et al. 2007). Major neurosurgical centres around the world have now 
progressed to aquire high-field intraoperative (iMRI) with integrated navigation systems and 
integrated microscopes which make gross total resection possible (Nimsky, Ganslandt et al. 
2003).  
 
The history and evolution of the intraoperative ultrasound in neurosurgery 
Ultrasound has been a significant imaging modality for obstetrics, gynaecology, urology, 
general and cardiology for decades. In neurosurgery, although well known for decades, 
ultrasound has never been a popular choice for neuronavigation due to widespread and well 
Real time 3D US in the biopsy and resection of brain tumours 
Vasileios Apostolopoulos – Imperial College 2014 
 
29 
 
justified concerns about image quality and the bulk of the ultrasound probes. The advent of 
technologically advanced high definition ultrasound the last decade has encouraged its use 
initially by major centres, especially in Scandinavic countries and Germany. Today we 
witness a rapidly growing trend of considering that the high definition three dimensional 
intraoperative ultrassound (3DiUS) can adequately support intraoperative neuronavigation 
and can potentially become a promising, easier, quicker and cheeper alternanive to the iMRI. 
The first significant reports on the value of intraoperative US in neurosurgery appeared in 
early 80’s, well before other image guidance systems made their appearance (el Mouaaouy, 
Gawlowski et al. 1986). Technological advances allowed the first experiments for the 
development of computer guided 3D-US (Koivukangas, Ylitalo et al. 1986). With the 
concurrent development of the CT and MRI it became possible for neurosurgeons to 
familiarise with the imaging appearances of normal brain anatomy and also features of 
various pathological processes by orientating the intraoperative US projections in a similar 
way to CT and MRI (Gaab 1990). Despite the early advantages of offering real time imaging, 
US has not become widely accepted by neurosurgeons mainly due to the bulky probes and 
also due to the superiority of the other image modalities. Subsequent development of smaller 
ultrasound probes allowed more extensive use of the intraoperative US (Sutcliffe 1991). The 
accumulating experience of intraoperative US use led to the development of the first 
stereotactic endoscopic US guided systems, which allowed guidance of an endoscope to a 
target area in within, or adjacent to the ventricular system (Auer 1992).  
In 1996, an US B-scan and colour flow imaging were applied during open brain surgery on 
seven patients. The authors, who are now considered world pioneers in real time US 
guidance, used a cardiac scanner in the 3.25-7.5 MHz frequency range and an intravascular 
scanner with 10, 20 and 30 MHz probes. Initially the tumour was scanned with the low 
frequency probes from the brain surface, followed by high frequency, high resolution close-
up images during and after resection in order to identify the remaining tumour and detect 
blood vessels in the vicinity of the resection wall. The authors concluded that the use of real 
time intraoperative ultrasound facilitated the identification of the residual tumour and 
demonstrated the position of the surgical tools used during the operation, like the diathermy, 
ultrasonic aspirator, biopsy forceps etc (Gronningsaeter, Unsgard et al. 1996). Accumulated 
Real time 3D US in the biopsy and resection of brain tumours 
Vasileios Apostolopoulos – Imperial College 2014 
 
30 
 
experience and improved technology allowed surgeons to differentiate between different 
hyperechoic image features seen in peritumoural oedema and infiltrated parenchyma 
(Melada, Paladino et al. 1997). In 1999, specially developed software allowed the integration 
of real-time ultrasound images with preoperative MR and CT data sets. By tracking the 
position of the ultrasound probe during surgery, it became possible to correlate the real time 
ultrasound images with the corresponding (preoperative) oblique CT or MR slice (Richard, 
Zar et al. 1999). Increasing experience on image guidance systems and the correlation with 
the intraoperative real time US demonstrated the advantages of the real time US used for 
tumour surgery. Today, surgeons who use intraoperative US on a regular basis are convinced 
that it helps eliminate the significant error produced by the brain shift which happens as a 
result of cerebrospinal fluid (CSF) loss and tumour debulking (Comeau, Sadikot et al. 2000). 
In 2003 Prof. Unsgaard in Trondheim, Norway published the first experience of a complex 
navigation system which integrated a neuronavigation system and 3D visualization of US 
images for planning and guidance in surgery of brain tumours (Hernes, Ommedal et al. 
2003).  
 
Basic principles of ultrasound biophysics 
The term ultrasound refers to the sound emmited at a frequency higher than the frequencies 
audible by the human ear. The ability to record the reflected ultrasound was initially used for 
military purposes by navies in the second world war. As a dianostic tool US started being 
used in the 1950’s. 
The ultrasound production is based on the piezoelectric phenomenon, which is by applying 
pressure to deform a crystal, ultrasound waves are produced.  
The ultrasound is essentialy mechanical energy, which is propagated through cyclical 
compression and rarefaction of molecules.  
The propagation of the ultrasound wave depends on the physical characteristics of the 
tissue/material the ultrasound wave propagates through. The ultrasound waves are thus 
classified in longitudinal waves (most representative for brain tissue) and shear waves (most 
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reprentative for solid materials like bone). Shear waves are defined as waves that reflected to 
90 degress to the direction of the energy (figure 2).  
 
Figure 2 - Longitudinal and shear ultrasound waves 
 
This relationship between the physical characteristics of the tissue and the wave propagation 
forms the basis of the image production in ultrasound imaging. The ultrasound induces 
bioeffects on the tissues, which are only significant at very high frequencies, outside the 
diagnostic ultrasound range. Within the diagnostic range the ultrasound is well known to be 
safe. This interaction however is important from the imaging quality point of view.  
  
Figure 3 - Ultrasound - tissue interaction 
The average ultrasound propagation in soft tissues is 1540m/sec, but it gets attenuated as it 
travels deeper (0.5dB/cm/MHz).  
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Various tissues have specific propagation speeds as seen in the table below.  
 
 
Figure 4 – Ultrasound propagation speeds per tissue 
 
The speed of ultrasound propagation is important as it allows ultrasound machines to 
calculate the location of a lesion by calculating the time that is needed for the US wave to 
return back to the probe. Distance = time delay x propagation speed (figure 5). 
  
Figure 5 - Distance calculation based on propagation speed and time delay 
 
The ultrasound probe initially emits ultasound waves and then records the reflected and 
atenuated ultasound waves. These US signals are then translated into ultrasound images. As 
the US wave is a mechanical wave it is very sensitive to even minute changes of tissue 
density.  
Average soft tissue 1.54 mm / sec 
Fat    1.44 mm / sec 
Brain    1.51 mm / sec 
Liver, kidney  1.56 mm / sec 
Muscle    1.57 mm / sec 
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Ultrasound speed is also important as it determines the acoustic impendance of a tissue. 
Acoustic impendance = density x propagation velocity. Differences in acoustic impendace in 
tissues create reflective surfaces that reflect the US waves back to the probe. Acoustic 
impendance is also important as it forms the basis of the hypothesis of this study, which is 
that the US is a very sensitive means of detecting the presence and extent of brain pathology, 
as anything that alters the physical properties of the brain will cause differences in the 
acoustic impedance of the brain parenchyma and is therefore detectable with US.  
The US waves can propagate through all kind of materials gases, liquids and solids, but the 
interaction with the material they propagate through can vary significantly.  
Macromolecules and cells and the fibrous and non-fibrous components of the tissues or 
tumours all contribute to the US characteristics of a tissue. In primary brain tumours, as there 
are no fibrous tissues, in the majority of cases the US properties of the scanned tissue mainly 
depends on the cellular density of the tumour scanned. Vasogenic oedema is also detected as 
due to the increased amount of water in brain parenchyma. Each type of tissue in the human 
body has different physical properties, but they all contain various amounts of water. Water, 
which is a very good environment for propagation of US waves, makes up almost three-
quarters of the entire mass of the human body. The water concentration varies from tissue to 
tissue with vitreous humor quite high at around 99%, liver at 70%, skin at 60%, cartilage at 
30% and adipose as low as 10%. The normal adult human brain contains up to 78% water. 
This is considerably higher in neonates.  
Ultrasound attenuation is defined as the reduction of the wave amplitude as the ultrasound 
wave propagates through the tissues. The ultrasound wave attenuation is the result of 
absorption and scattering of the ultrasound waves as they propagate through the tissues. 
Absorption is defined as the transformation of the ultrasound mechanical energy into heat. 
The heat effect of diagnostic US is practically minimal, but the attenuation is still significant 
from the US image point of view. Scattering refers to the phenomenon that ultrasound waves 
change their original direction as they cross through tissues; this, in combination with 
attenuation, play a significant role in the reduction of the US waves reflected back to the 
probe.  
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Modern ultrasound machines allow some manual adjustments to be made.  
Adjustments can be done either by signal amplification or suppression and can be classified 
in two types. Time gain compensation (TGC) allows signals to be amplified or suppressed at 
different depths of the image. Usually the superficial part of the image is suppressed and the 
deeper part of the image is enhanced. Gain allows enhancement or suppression of the signal 
of the whole image.  
Attenuation is closely related to Frequency of the ultrasound. Frequency is defined as the 
number of cycles of rarefaction and compression that take place in a second and is measured 
in Hz.  
 
Figure 6 - Definition of ultrasound frequency 
 
For the audible sounds this frequency represents the frequency of vibration of the air 
molecules and in practice represents the pitch of the sound we hear. The human ear is able to 
hear sounds with frequencies between 20 Hz and 20 kHz. The ultrasound frequency range 
starts at a frequency of about 20 kHz. Diagnostic ultrasound equipment emit ultrasound with 
frequency between 1 and 15 MHz. Diagnostic abdominal ultrasound used in obstetrics and 
gynaecology and in echocardiography have a frequency range between 2.5 and 7.5 MHz. 
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Higher frequencies (7.5–15 MHz) are indicated for superficial body parts and vessels. In this 
study we used a 5 MHz probe for deeper lesions (for most of the cases) and a 10 MHz probe 
for more superficial lesions. Generally higher frequencies provide better image quality but 
they are more vulnerable to artefacts and noise, because the attenuation of the ultrasound 
wave is more prominent in higher ultrasound frequencies.  
The US waves are transmitted to the tissues by transducers (probes). Transducers transform 
electricity into pulses of ultrasound and also receive and translate back to electricity the 
reflected US waves. These electrical signals are then sent to the machine and transformed 
into the digital images we see on the monitor. Three dimensional US refers to the fusion of a 
high number of two dimensional US images to create a three-dimensional image.  
Transducers can function in Continuous mode or Pulsed mode. Continuous mode means that 
continuous alternating current is applied to a crystal or a group of crystals of the transducer to 
produce continuous emission of ultrasound waves. At the same time other crystals in the 
same probe receive the reflected waves. This type of US emmision applies to CFM mode of 
the machine (Doppler) that is used to visualise brain vessels. Pulsed mode is the usual 
diagnostic mode. One crystal or group of crystals (in phased US probes) emit US wave 
intermittently and then go ‘silent’ till the receive the reflected US waves.  
The old type transducers used to be mechanical and classified in oscillating and rotating. The 
modern type transducers are electronic and they are most phased transducers. Phased 
transducers produce US waves from multiple crystals and then emit these waves in sequence. 
The waves reach the reflective surface with a synchronised delay and they are reflected back 
giving a fine definition of the lesion or structure scanned.  
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Figure 7 - Phased transducers  
 
Depending on how the US wave beam is emitted on the tissues the transducers are also 
classified depending on the type of image they produce.  
Linear transducers translate the US beam horizontaly first, before they emit it to the tissues. 
This creates a rectangular field that is useful when scanning superficial brain lesions.  
Sector transducers send the US wave beam out in a conical way. These are the typical US 
transducers seen in the majority of the US machines.  
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Figure 8 - Transducers type based on the shape of the scanned area 
The tissue characteristics through attenuation and acoustic impendance and the US wave 
physical properties, especially frequency, dictate the resolution of the US images. Resolution 
is defined as the ability to differentiate between two separate lesions or structures that are 
close both in terms of echogenicity (grey scale resolution) and also in space (axial and 
lateral resolution). 
Axial resolution refers to the ability to differentiate between two structures or lesions along 
the axis of the emitted US wave. Axial resolution depends on the physical properties of the 
tissue (acoustic impendace and also attenuation), and also the physical properties of the US 
wave emitted. Higher frequency US waves achieve images of higher resolution but they 
attenuate quicker as they travel deeper.  
Lateral resolution refers to the ability to differentiate between two structures or lesions that 
are located perpendicular to the axis of the emitted US wave. Lateral resolution solely 
depends on the physical properties of the scanned tissue. Two lesions of the same size look 
different if their density is different.   
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MATERIALS AND METHODS 
This chapter aims to provide details about the study protocol, which was followed for all 
patients included in our study. This protocol was approved by the local ethics committee.  
Study design, patient recruitment, and data collection.  
We carried out descriptive research in the form of a prospective observational study. Between 
March 2009 and Novemeber 2013 all patients admitted in our unit with the diagnosis of 
intrinsic brain tumour were considered for recruitment if found fit to undergo surgery. The 
cases we included in the final analysis were those with adequate quality intraoperative US 
imaging. We do acknowledge the bias resulting from excluding the poor quality images from 
analysis, but this study aimed to demonstrate the potential of image analysis in interepreting 
US digital images and for this we needed high quality images. There is no doubt that 
experienced operators achieve better images and we did observe a steep learning curve over 
time. The decision whether to proceed to just biopsy or maximal safe resection was taken as 
usually by our local multidisciplinary team meeting (MDT). As usually, depending on the 
location of the tumour, the age and the performance of the patient, the patients underwent just 
multiple biopsies through a mini craniotomy, or maximal safe resection. In the second group 
multiple biopsies were taken before the debulking of the tumour was initiated so the initial 
architecture of the tumour was maintained. The patients considered suitable were invited to 
participate as soon as possible to allow adequate time for them and their families to consider 
the information provided. The initial discussion presented the aims of the study and potential 
benefits in lay language. The study protocol and the differences it had from our regular 
practice were explained. We did inform all patients about the slightly higher risk of 
intraoperative bleed due to the higher than usually number of biopsies, which however was 
counterbalanced by the fact that all biopsies were obtained through a mini craniotomy, under 
direct ultrasound guidance, so that intraoperative bleeding could be detected immediately and 
controlled under direct view. As it turned out none of our cases had intraoperative or 
postoperative bleeding related to the biopsy process. The last US check when the dura was 
closed proved a very useful and reassuring way to have a last look before the bone flap was 
put in place.  
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The patients and families were given adequate time to digest the provided information and 
ask questions. We also provided an information sheet, approved by the local ethics 
committee, which also contained information about the study and the contact details (mobile 
phone and trust email) of the principal investigator, to allow easy and direct communication 
if further explanations were required. The consent form, which was ethically approved, was 
signed during the first discussion or was left with the patient and collected at a later time if 
the patient wished to have more time to discuss with family before making the final decision. 
During the consent process we always reassured our patients that their decision to contribute 
to our study would not affect the quality of the care they received and that they could change 
their mind at any time without having to provide any justification. The consent achieved 
permission for using specimens for research and permission to present results of these studies 
to scientific publications and presentations. The patients were reassured that their identity 
would be protected at all times. For confused patients who were not in the position to weight 
the provided information and sign the consent, the discussion was carried out with the next of 
kin. Confused patients with no escorting family members were excluded from study.  
The decision as to what would be the most adequate preoperative imaging for reference was 
taken with help from the neuroradiologist in our hospital. On most occasions a preoperative 
MRI was aquired. Postoperative MRI was obtained in all patients who had undergone 
maximal safe resection as part of our departmental protocol that serves the purpose of follow 
up and radiotherapy planning according to the case. It is our standard protocol that these 
scans are done within the first 48h after the operation. We aimed to do all these scans in the 
first 48h after the operation. To histologically validate the accuracy of the 3DiUS we carried 
out image analysis of ROIs from images taken at the time of the biopsies and observed 
repeatable patterns of distribution of the pixels to different intensities of pixel brightness. All 
research biopsy specimens were kept in separate specimen containers and labelled with 
numbers, in the order they were obtained (i.e. specimen 1, specimen 2, etc). For each 
specimen we achieved a digital photograph of the position of the needle right at the time of 
aspirating the biopsy needle. These specimens were reported separately and paired with the 
digital photograph obtained at the time of the biopsy. The overall postoperative management 
of the patient was decided as usually in the local MDT taking into account the specimen with 
the highest histological grade.   
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The SonoWand three dimensional ultrasound based navigation system and the way it 
was used in this project. 
This section aims to provide a detailed description of the real time high definition three 
dimensional ultrasound navigation system (3DiUS) we used in this project (figure 9). The 
pictures provided in this section have been provided through kind permission from the 
SonoWand Company.  
SonoWand is the brand name for a real time intraoperative image guidance system, based on 
high definition ultrasound (Trademark registered by the SonoWand Company Trondheim, 
Norway). The system is manufactured by the SonoWand Company, Trondheim, Norway. The 
idea behind the system is to provide real time US-guided intraoperative imaging that can be 
repeated several times during a procedure and update an integrated conventional image 
guidance system which is based on preoperative imaging. Due to the high quality of the 
images achieved the manufacturer supports that the system offers resolution equivalent to that 
of the high field intraoperative MRI. The main use of the system is to serve real time 
resection control during brain tumour surgery. It has been used in the past in similar studies 
with excellent results, which to our personal experience look perfectly realistic. The system 
offers tracking adapters that can transform any surgical instrument to an image guided tool 
(figure 16). Different ultrasound probes are available for different purposes. We elected to 
use the 5 MHz probe because of its ability to look at deeper lesions and its lower 
vulnerability to artefacts like clots, brain debris, and surgicel. Newer versions of the system 
provide more advanced probes that can provide a rectangular US field, more adequate for 
imaging superficial lesions. The apple based computer of the system is able to save digital 
images from the screen, taken during resection or biopsy or at different stages of the tumour 
resection. A footswitch (figure 9) allows full operation of the interface menus to be openened. 
Digital images can then be exported as JPEG images. The filenames of these images are 
made by the exact date and time of the image acquisition.  
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Figure 9 - The SonoWand intraoperative  navigation system 
The system (figures 8) is composed by the main unit, the monitors, and the optical tracking 
unit (figure 11). The patient’s head needs to be rigidly fixed in a three point fixation holder, 
where the reference frame of the system is also attached to (figure 12).  
The main unit (figure 10), which is the bulkier part of the machine, houses: 
 The ultrasound  
 The controls of the ultrasound and its keyboard 
 The apple based computer and 
 The usb connection sites for the computer and the CD drives for uploading the 
preoperative imaging  
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The main unit is the base which supports rotating arms for the surgeon’s monitors, assistant’s 
monitors and the infrared camera (figures 11, 12, 13). 
 
Figure 10 - The main unit of the SonoWand station 
There are two separate monitor systems that can be rotated independently around the 
machine.  
The assistant monitor is in fact the operating console of the system, that serves to setup the 
system before the procedure starts. The attached keyboard allows operating the apple based 
computer of the system (figure 11). This is the monitor used during the image and patient 
registration or operated by an unscrubbed technician during the procedure. When the 
surgeons are scrubbed they can operate most of the functions of this console by using the foot 
switch of the system. This is not absolutely necessary as the surgeon has total control of the 
machine through a three-pedal foot switch. The arm of the assistant monitor is shorter to keep 
the operating console close to the main unit.  
 
Figure 11 - The assistant monitor 
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The surgeon’s monitor (figure 12) is suported by a longer articulated arm that allows 
these monitors to be pushed close to the surgeons at a convenient distance. One of the two 
monitors serves as the navigation monitor and shows the correlation of the three 
dimensional ultrasound with the preoperative reference imaging, whereas the second 
shows the real time 2D ultrasound image. The first  monitor provides menus on the left 
side, which can be operated by the foot switch or by an assistant using the assistant’s 
monitor described earlier.    
 
 
 
Figure 12 - The surgeon's monitor 
The optical tracking unit (figure 13) is suported by a tall and long rotating arm that allows the 
infrared camera to be rotated over the operating table. The camera uses infrared emitters, and 
receivers to track reflecting spheres (fiducials) on the patient and instruments (figures 15,16). 
 
Figure 13 - The optical tracking unit 
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The role of the unit is to correlate the position of the patient’s head, which is rigidly fixed, in 
relation to the moving tools used for navigation or biopsy.
  
 
Figure 14 - Holder of the patient reference frame (left) and the patient reference system 
(right) 
 
Navigation is facilitated by a pointer tool, called by the company navigator (figure 15).  
 
Figure 15 - Pointer/navigator 
Tracking adapter can be adapted to virtually all instruments as seen on Figure 16 below.  
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Figure 16 - Tracking adapters for instruments 
 
Fiducials serve as the reference points for the patient registration. The system is able to 
provide registration with a minimum 4 fiducils. On most of our patients we used at least 7.  
The patient’s head is fixed with Mayfield pins and needs to be positioned with the operative 
site at the highest position aiming that the surgical flap is parallel to the floor. This serves to 
allow the surgical cavity to be filled with water in order to facilitate the intraoperative US 
scans. The image and patient registration is carried out following user friendly steps provided 
by the system interface. For the purposes of this study we only accepted registration error of 
less than 2mm. If the registration error was higher than the desired one the image and patient 
registration was repeated. As the procedure was carried out on a regular basis in our 
department we have observed that most surgeons rapidly became familiar with the system 
and achieved the required accuracy of registration easily. The integrated stealth application of 
the station was used to plan the surgical approach and carry out a craniotomy. We have 
observed an impressive US digital image quality and great anatomical correlation of the 
digital US images with preoperative scans (figure 17). 
In most cases the 5 MHz US probe was used (figure 21). This probe allows adequate 
visualization of normal anatomy and can scan adequately lesions down to 10 cm from the 
cortical surface. It also tolerates better artefacts that commonly appear due to the presence of 
debris and blood in the tumour cavity. The 10 MHz probe, also available in the system, was 
mainly used for smaller and superficial lesions. This probe offers better resolution but cannot 
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adequately scan deep lesions and is has zero tolerance to artefacts in the tumour cavity 
(scattering and attenuation are more prominent at higher frequencies).  
 
Figure 17 - Correlation 2D US with preoperative CT 
The latest version of the SonoWand navigation system provides Phased Linear Array probes 
that produce rectangular images which can adequately visualise superficial lesions (figure 
18).  
 
Figure 18 - Linear phase array probe for superficial targets 
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It also offers very small probes to facilitate scanning of the actual tumour cavity and 
minimise the mirror artefact seen when the US wave hits the walls of the remaining tumour 
after traveling within the tumour cavity (figure 19).  
 
Figure 19 - Small probe for minimally invasive surgery or scanning the walls of the 
surgical cavity to look for residual tumour 
 
Figure 20 - Ultrasound probe in a sterile sleeve with localiser probe attached 
A standard image guided craniotomy was carried. As usually the size of the flap was adjusted 
to the needs of the actual procedure (i.e. mini craniotomy for biopsy only). After removing 
the bone and before opening the dura, the first 3DiUS scan was carried out. This is the 
process through which a stack of high definition 2D-US images are acquired and 
reconstructed to create three dimensional images that the 3DiUS system correlates with the 
preoperative reference imaging. The purpose of achieving this first three dimensional US 
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scan with the dura closed is to create a reference baseline US image before any brain shift, 
and CSF loss takes place after opening the dura. It also allows the surgeon to familiarize with 
the target as this appears on both preoperative CT/MR and real time US. This first 3DiUS 
scan can be saved on the interface of the system, and can be correlated with similar scans 
obtained later at different stages of the resection process. Transmission of ultrasound waves 
through the dura is adequate enough to produce high quality images, but this scan can also be 
faciliated  by irrigating saline on the surface of the cavity. FDA approved gels that enhance 
ultrasound transmission are commercially available, but not used in this study, first because it 
was not considered that they would improve our results significantly, so their cost was not 
justified. The fist US images obtained at the level of the dura is also a perfect opportunity for 
the surgeon to make fine adjustments of the gain and the depth of the acquisition to ensure 
optimum quality of the acquired images. Acquiring a three dimensional scan is very much an 
operator dependent process.  
 
Figure 21 - Inadequate 3DUS scan, showing tip of the biopsy needle (yellow dot) lying 
outside the scanned area.   
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Poor quality three-dimensional US scans are usually due to gaps in the scanning process or 
low resolution of the reconstructed images (figure 22). The main reason for the gaps is either 
scanning an area in a non-systematic way or trying to scan through a smaller craniotomy than 
what is required for the volume of the tumour that needs to be visualised. Low resolution 
images result from either scanning too slowly or rescanning already scanned areas. In both 
cases the computer is forced to overlap more than one 2D-US image for the same area, 
resulting in low resolution digital 3DiUS images. As the process of the 3DiUS scanning does 
not take more than one minute it is practically very easy to repeat it until the required image 
quality is achieved. During the duration of our study we observed a steep learning curve for 
our skills and a significant improvement of the quality of the images we were able to 
achieve.We have also applied a low threshold to exclude poor quality images from the final 
analysis. At the early stages of our study we benefited significantly from the support provided 
by experienced SonoWand engineers who patiently advised us about the physics governing 
adequate operation of the system. After opening the dura the three-dimensional US was 
repeated and all planned biopsies were taken before any debulking was undertaken, to make 
sure that the architecture of the tumour was unchanged at the time of the biopsy. We 
seriously considered the option of getting the biopsies through a small opening of the dura 
but we decided against this option as we thought that the project was a perfect opportunity to 
demonstrate the midline shift that happens after opening the dura, due to CSF loss and 
changes in the volume of the tumour, and can seriously affect the accuracy of the traditional 
image guided stealth systems based on preoperative CT or MR.  
Multiple biopsies from heterogeneous intrinsic brain tumours 
3DiUS-guided multiple biopsies were carried out by attaching a specially designed tracker 
adapter on a Hennig needle.  
Hennig needle (Elekta) is a biopsy needle designed to allow image guided biopsies using a 
skull mounted knob (figure 22).  
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Figure 22 - Hennig needle 
After being registered and calibrated, the Hennig needle with the attached tracker adapter acts 
almost as a probe. The position of the needle can be followed in real time: 
1. On the image guidance images based on the preoperative CT/MR 
2. On the reconstructed US images which resulted after a recent 3DUS scan.  
3. On 2D high definition US if an assistant keeps the US probe near the entry 
point of the needle and slightly angles it toward the direction of the needle.  
For the purposes of our study we took into account the position of the biopsy needle as it was 
visualised on the reconstructed 3DiUS image produced just before the biopsy was taken. 
During the study we observed discrepancy of various degrees between the position of the 
needle based on 3DiUS guidance and the one based on the preoperative scans. The 
discrepancy observed was more prominent during debulking of tumours.  
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Figure 23 - Biopsy of pathologicl cortex 
 
Despite the conical shape of the images we were able to achieve due to the ‘sector type’ 
transducers we had in our availability, biopsy of superficial lesions and pathological cortex 
was still possible, as demonstrated in figure 23 above.   
Three biopsies were taken from  the solid part of the tumour, periphery and the tumour 
interface of the tum 
our with the brain. Digital photographs were taken at the exact time of the biopsy to 
document the exact position of the needle at the time of the biopsy. For high grade gliomas 
we obtained biopsies and the relevant digital images from the solid and necrotic part of the 
tumour and also the interface of the tumour with the infiltrated brain (figures 25, 26, 27).  
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Figure 24- Biopsy from the infiltrating margin of high grade glioma 
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Figure 25 - Biopsy from the solid part of a high grade glioma 
 
Figure 26 - Biopsy from the necrotic part of the tumour 
All specimens were kept, labelled and processed separately. Our neuropathologist, one of the 
two supervisors of this thesis, gave us individual detailed descriptive histological diagnosis 
for each specimen correlating with individual digital images. These histological 
characteristics were correlated with the digital image parameter extracted from selected ROIs 
of these images. The method of extracting US image features from the US images will be 
presented in a specific section later in this chapter.  
Patients with an indication for maximal safe resection of their tumour had the same 
preoperative preparation, but the size of the craniotomy was adjusted to the needs of the 
procedure. The three-dimensional US scan was carried out before and immediately after the 
dura was openened. All biopsy specimens were obtained before any resection was carried 
out. During the resection process the navigation system was updated with new three-
dimensions US scans taken several times during the debulking of the tumour. Several 
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photographs were obtained during the progress of the resection to demonstrate the gradual 
reduction in the volume of the tumour and the response of the surrounding anatomical 
elements (e.g. demonstrated the reduction in the midline shift due to the reduction of the 
volume of the tumour). At the end, after haemostasis was established, a final photograph was 
taken before any surgicel was applied at the walls of the tumour cavity (figure 27).  
 
Figure 27 – Last check of the surgical cavity after complete resection or recurrent GBM 
 
This last digital image was later correlated, but not analysed with the postoperative MRI 
which we aimed to do in the first 24-48 hours postoperatively (figure 28). 
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Figure 28 - Preoperative and postoperative MRI of completely excised DNET 
 
Extracting subtle features from US images using image analysis  
Despite significantly improved US image quality, acquiring and also interpreting US images 
still remains operator dependent. Our idea of using image analysis to extract objective 
features from US images came to address our concerns that the subjective interpretation of 
the US images would be a major weakness of the histological validation of US imaging as the 
imaging component of the correlation imaging-histology would be totally subjectively 
interpreted. Image analysis can process an image, improve its overall quality, define obscure 
features and make quantitative measurements that can help differentiate images that look 
similar on the first glance. It is also particularly useful for comparing different areas of grey 
scale digital images like those obtained with high definition US. The US imaging based on 
the alteration of mechanical waves traveling through tissues is highly sensitive to any 
alteration of the consistency of the normal brain. These alterations are minute when it comes 
to infiltrated brain (rather than solid tumours) and are difficult to be identified on bear eye 
observation. Underinterpretation can happen even by experienced US interpreters. Our aim 
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was to explore the maximum potential of the intraoperative brain US by identifying minute 
changes of the brightness intensities, which usually pass unobserved.  
Image analysis was an objective way to extract quantitative image parameters from selected 
parts of the digital images we obtained. We measured the Mean Pixel Brightness (MPB), 
Standard Deviation (SD) of selected ROIs in the digital images obtained at the time of the 
biopsies. Mean pixel brightness was used in the past as an objective parameter for the 
quantification of the echogenicity in neonatal brains (Padilla, Enriquez et al. 2009). It was 
also used in several other studies carried out for US of the liver, thyroid and atheroma 
plaques. To the best of our knowledge there is no study that correlated these parameters with 
histological characteristics of primary brain tumours. Image analysis can objectively 
characterise an image or a selected area of an image, called region-of-interest (ROI), in terms 
of the collective characteristics of a defined population of pixels. A ROI can be characterised 
by calculating the minimum, maximum, mean brightness and standard deviation of the pixels 
it contains. The advantage of these first order calculations, as they are called, is that the 
relative distribution of the pixels to different brightness intensities does not depend on the 
brightness of the image or the gain settings of the US, thus making these histograms an 
objective way of pattern recognition. The pattern of distribution remains unchanged despite 
different settings of the gain of the US machine (figure 29).   
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Figure 29 - Distribution of pixels to different brightness intensities is maintained at 
different gain settings 
Image analysis second order calculations allow calculation of the possibility of a pixel with a 
certain brightness intensity to be in the vicinity of another pixel with given brightness (co-
occurrence). Co-occurrence matrix has been shown to be a powerful tool of establishing a 
frequency of occurrence of a certain pattern of pixel organization. This is currently the 
subject of ongoing research in neuro-oncology groups.  
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In this project we considered ROI the area around the tip of the biopsy needle in the digital 
images we obtained during biopsies. We defined these ROIs by taking into account the 
distance of the closer end and the far end of the opening of the needle from the needle tip 
(figure 30).  
 
Figure 30 – The size of the openning of the Hennig needle was used as a guide to decide 
the size of the selected ROIs to be analysed 
 
On the image analysis software used the size of these ROIs was calculated to be 468 pixels, 
which is equal to the area of the image oposite the opening of the biopsy needle (figure 31). 
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Figure 31 - 468 pixels adjacent the opening of the biopsy needle 
 
After our initial observations of the close correlation between image analysis parameters and 
histological parameters we carried a high number of calculations for several areas in and 
around the tumours and also in areas considered to represent normal brain. Repeated patterns 
histograms were observed to correlate with normal and abnormal areas and also different 
types of pathology. It soon became more and more obvious that the image characteristics (as 
extracted with image analysis) correlate with the histological characteristics of the tissue 
visualised in the selected ROI. A schematic representation of the way we selected the ROI 
around the biopsy needle is demonstrated in figure 32 below.  
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Figure 32 - Schematic representation of ROI (468 pixel) selection around the opening of 
the biopsy needle. 
Image analysis can be carried by several methods and using several types of software. In 
practice all of them consider an image or a ROI as a set of tabulated data, which represent 
objectively quantified features of a population of pixels. Using these figures various 
mathematical and statistical calculations are carried out. Because each pixel can be 
objectively characterised, a population of pixels can get a unique definition based on certain 
values of predefined parameters. For the purposes of this project we elected to use ImageJ, 
well validated image analysis software developed initially by the NIH (National Institute of 
Health). ImageJ is built on Java (a programming language), and because has been promoted 
as an open source software it has become very popular in different scientific communities 
which need image analysis to measure scientific work. Due to continuous updating, the 
software has been in constant evolution through the addition of a large variety of applications 
(plug-ins and macros) programmed by scientists and programmers around the world 
(http://rsb.info.nih.gov/ij). ImageJ has become very popular and validated through a wide 
range of ImageJ applications (Dello, van Dam et al. 2007). ImageJ has been used in image 
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analysis for electron microscopy, in microbiology, in genetics and more recently in the 
analysis of images taken by powerful telescopes in astronomy. Through a user friendly 
interface the program can perform endless image analysis and processing tasks, from simple 
descriptive image analysis to complex statistical calculations. For the purposes of this project 
we used ImageJ at a very basic level. We are currently in the process of designing a larger 
study where image analysis parameters and histological characteristics of tumours can be 
correlated by carrying out multivariate analysis of several image and histological parameters 
on a much higher number of cases.  
In the figure 33 below it is demonstrated a selection of ROI around the biopsy needle taking 
specimen from the solid part of a high grade intrinsic brain tumour.
 
Figure 33 – Schematic representation (not actual size) of selected area for image 
analysis around the tip of the biopsy needle. 
Using these measurements, the program allowed us to plot histograms as seen in figure 34 
below. By repeating the same process numerous times for the biopsy ROIs but also for extra 
ROIs chosen randomly we were able to observe specific patterns for certain normal and 
pathological states and also common artefacts. The pattern of distribution of the pixel 
brightness to different brightness intensities was found to be independent of the settings of 
the contrast and the US gain settings chosen by the surgeon at the time of the procedure.  
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Figure 34 - Histogram of the distribution of pixel brightness of selected area around a 
biopsy needle.  
By plotting surface plots we were able to demonstrate our findings in space (figure 35).
 
Figure 35 - Surface plot of US image from necrotic core of a high grade glioma.  
The surface plot above is a graphic demonstration of the mean pixel brightness of the pixels 
in the ROI selected in figure 35 above. The solid nodule in the middle of the selected ROI is 
clearly demonstrated with the very prominent spikes in the middle of the surface plot 
representing the ROI.  
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We were also able to further improve the visualisation of the surface plots and images by 
using the look-up tables (LUTs) of the analysed images and created plots. This is a process 
that can be done automatically by the software. Colours of different intensities are allocated 
for a range of brightness intensities. As a results the analysed images and the graphs are 
represented in colour. ImageJ provides ready made schemes labelled according to the 
dominant colour of the scheme. The LUT colour scheme used to create the pictures visualised 
here is called ‘Fire’. We assume this name derived from the red colour, which dominates the 
LUT scheme to create these images. Changing the LUT of images to create colour images is 
practiced regularly by computer programs that process images from colour Doppler, MR 
spectroscopy, isotope scans in nuclear medicine (figure 36).   
 
Figure 36 - Predefined LUT for high grade glioma 
 
Using the coloured surface plots it became easier to compare normal areas and pathological 
areas side by side. To make sure that what we considered as a normal area was not a nearby 
area infiltrated by malignant cells infiltrated area, we only considered as normal an area of 
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the brain located in the contralateral hemisphere, separated from the infiltrated brain by 
natural barriers impermeable to malignant cells like the falx (figure 37).  
  
Figure 37 - Comparative image analysis on both sides of the falx 
 
Using colour surface plots we also attempted to analyse the image characteristics of common 
artefacts like surgicel. In figure 38 below the US photograph analysed was the last 
intraoperative US scan in a patient whose postoperative MRI scan 48h after the operation 
revealed complete resection of left frontal DNET. The scan was taken before closing the 
dura, after a single layer of surgicel was layed on the walls of the surgical cavity. At the time 
of image there was no active bleeding and the cavity was filled with crystal clear saline. The 
bright rim observed is caused by the ‘mirroring artefact’ which typically appears as a result 
of the easy passage of the US waves through the water, which then reflects on the walls of the 
surgical cavity, in this case accentuated by the presence of surgicel lining the surgical cavity. 
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Figure 38 - Image analysis and 3D LUT for a surgical cavity lined with a single layer of 
surgicel 
Differentiating the two seems as a difficult, but perhaps not impossible task. The use of 
image analysis in characterising certain normal and abnormal states of the human brain and 
also common artefacts gives the opportunity of widening the base of knowledge about US. 
Similar observations (on incomparably larger scale), done initially for experimental purposes, 
created specific patterns that led to the development of MR spectroscopy.  
Statitical analysis of the results 
The raw data for 468 pixels/ROI for most tumours and 120 pixels/ROI for the pilocytic and 
the inflammatory lesions we analysed were imported and analysed with two statistical 
softwares: SPSS (Trademark registered by SPSS statistics) used for the graphs, and Sofastats, 
open-source statistical package (Trademark registered by Paton-Simpson & Associates) for 
the statistical analysis of the raw data.   
The data presented here are representative of all analysed lesions of all histological types.  
 
RESULTS 
Introduction 
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This chapter aims to present the results of our study in detail.  
 
1. Total number of patients analysed 
a. Explains the number of the cases excluded and what was the main 
reason for this  
b. Demographic details of the patients analysed 
c. Diagnosis of the patients analysed 
 
2. Accuracy of the biopsy 
a. Yield 
b. The discrepancy between the real time US and the integrated 
conventional navigation system 
 
3. Correlation of features extracted from the digital images with ImageJ and the 
histological characteristics. 
a. Mean pixel brightness and Standard Deviation for all lesions 
b. Imperial Tumour Index (ITI) and the Infiltration index (II) 
 
 
 
As we explained in the section of the materials and methods the hypothesis is that due to its 
nature, US, as a mechanical wave, is very sensitive to even minute differences of tissue 
density. Any change of the tissue density, secondary to infiltration, malignant transformation 
of a low grade tumour, vasogenic oedema etc causes changes of the acoustic impendance of 
the brain parenchyma and this itself is detected as a reflective surface and therefore can be 
visible. Higher cellularity causes an increase of the tissue density, whereas higher water 
content (vasogenic oedema) lowers tissue density. The patterns presented in our results were 
reproducible for all tumours analysed.  
 
Total number of patients recruited 
 
The project involved analysis of ROIs from different types of tumours including extra-axial 
tumours and inflammatory lesions. In total we analysed 874 ROIs in 175 patients recruited in 
the study. In this thesis we present the results of image analysis of 484 ROIs analysed from 
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97 gliomas of different types. The rest 390 ROIs came from extra-axial tumours and 
inflammatory lesions. The group of the excluded patients also includes gliomas where the 
image quality was not good enough to allow reliable analysis. The excluded tumours were 
mainly those recruited at the initial phase of the study, demonstrating the operator learning 
curve in intra-operative ultrasound. The exclusion of the cases where image quality was not 
considered satisfactory certainly leaves the impression of a significant bias on the data we 
collected. The goal of this preliminary observational study was however to describe the 
strong correlation between echogenicity and cellularity and a result of this correlation the 
strong sensivity of the ultrasound to detect intraparenchymal pathology. If further explored 
and validated with larger studies these results could significantly change the way we use 
intraoperative ultrasound.  
This thesis presents the results from image analysis carried out in 484 ROIs from 97 patients 
who underwent surgery for debulking and/or biopsy of various glial tumours. Of these, 290 
ROIs were selected in the vicinity of the opening of the biopsy needle. This is 3 ROIs per 
tumour with the exception of the case of pilocytic astrocytoma where due to the nature and 
the size of the tumour we elected to take biopsies only from the core and the interface of the 
tumour, so only 2 ROIs were analysed and correlated with biopsy specimens. The rest of 194 
ROIs (2 extra ROIs per tumour) were analysed for the purpose of validating our results.  
In the group of the analysed patients there were 62 male and 35 female patients. The mean 
age was 54.27 (median 56 years). 
The histological diagnosis of the analysed patients and the total number of ROIs analysed per 
type of tumour are presented in table 2 below. 
 
Histology Cases 
Total 
ROIs  
Biopsy 
ROIs  
Extra 
ROIs 
GBM  67 335 201 134 
GBM and radiation 
changes 1 5 3 2 
Astro III 6 30 18 12 
Astro II 2 10 6 4 
Oligo III 6 30 18 12 
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Oligo II 9 45 27 18 
Oligoastro III 1 5 3 2 
Oligoastro II 1 5 3 2 
Gliomatosis cerebri 3 15 9 6 
Pilocytic  1 4 2 2 
 TOTAL 97 484 290 194 
 
Table 2 - Histological diagnosis of the recruited patients and the number of ROIs 
analysed 
 
Despite the small numbers, the average age of the patients for different types of tumours was 
found to be similar to what has been reported in the literature (figure 39).  
 
Figure 39 - Average age per diagnosis 
 
In full agreement with the common knowledge, glioblastoma multiforme was found to be the 
commonest tumour. 
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The yield of biopsy  
The yield of biopsy was 100%, i.e. all biopsies carried out under real time US guidance 
produced pathological specimens.   
For the purposes of this study we only considered the yield of a biopsy satisfactory if the 
positive biopsy result was in agreement with the presumed diagnosis as judged from the 
clinical presentation and the preoperative imaging. This clarification serves the purpose of 
declaring that our expectation from a highly sensitive real-time guidance system is not just to 
guide biopsies that obtain a pathological specimen (any pathological specimen), but to make 
sure that the specimen obtained represents the true biological potential of the tumour. A real 
time image guidance system should be able to achieve this task because is not vulnerable to 
changes of the anatomy due to brain shift and also provides the option of adjusting the 
position of the needle to target areas considered suspicious of being of higher grade. We also 
expected from the high definition ultrasound to be able to detect intrinsic heterogeneity of the 
tumours we biopsied by detecting areas of transformation as areas of higher density (higher 
echogenicity).    
Discrepancy between real time US and conventional navigation 
Spatial discrepancy between 3DiUS and the integrated conventional pre-operative image-
based guidance system was observed in almost all cases, and was most prominent when 
tumour debulking was carried out (figure 40). 
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Figure 40 - Discrepancy between conventional navigation and real time US 
 
Discrepancy was also observed in cases where only a biopsy was carried out (figure 41). 
Despite the fact that in cases, like high grade gliomas, getting a biopsy from the necrotic part 
of the tumour rather than the solid part of the tumour would not signigicantly change the 
management of the patient, in cases where a biopsy is carried out to confirm the presence of 
an area of malignant transformation in a low grade tumour even the smallest inaccuracy is 
important and could significantly affect the overall management of the patient.
 
Figure 41 - Biopsy from the solid area of GBM – Note the discrepancy between the real 
time US guidance and the conventional image guidance  
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We observed that taking biopsies from cystic tumours makes the discrepancy even more 
prominent, even without debulking the tumour. This is because loss of cystic fluid from the 
cavity of the tumour, when the needle is introduced, leads to partial drainage of the cyst and 
change in the shape and size of the tumour. 
Table 3 below is a list of frequently occured types of discrepancy between the live US and 
the integrated navigation system observed in this study.  
 
Type Diagnosis Location lesion Discrepancy 
1 
GIII gliomatosis 
cerebri 
L temporal 
Areas of different echogenicity representing 
areas of different cellularity not seen on MR 
2 GIV GBM L parietal Solid/ necrotic 
3 GIV GBM R temporal Solid/ necrotic 
4 GIV GBM Corpus callosum Different distance from anatomical landmark 
5 GIV GBM R parietal Solid/ necrotic 
6 GIV GBM L fronto temp. Solid/ necrotic 
7 GIV GBM R temporal Partially drained cyst 
 
Table 3- Common types of discrepancy observed 
 
Ability to identify intrinsic heterogeneity of tumours 
The ability of the guidance system to demonstrate heterogenity was judged by demonstrating 
specimens with  different histological features. The heterogenity was considered significant 
enough only if the difference of the specimens was considered significant enough to 
potentially change the management of the patient.  
From the single case of gliomatosis cerebri recruited in this study we obtained three different 
biopsy specimens. During the procedure we noticed areas of slightly different echogenicity 
which did not correspond to equivalent areas of different signal on the MRI. We decided to 
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biopsy the low echogenicity area, the high echogenicity area and the interface between these 
two areas, as demonstrated in the figures below. As you can see the differences on the 
ultrasound images on the first glance are subtle, but image analysis proved objective 
differences, which were found to correlate with equally subtle histological differences, 
mainly cellularity (figures 42, 43, 44, 45). This very interesting observation  did not alter the 
management of the patient, but is presented here as a great demostration of the close link 
between echogenicity, measured with MPB and cellularity, which is the fundamental basis of 
US' s high sensitivity in detecting the presence and extent of intrinsic brain tumours, residual 
brain tumour in the depth of a surgical cavity and areas of a higher cellularity in a 
heterogenous tumour, all great abilities that a real time navigation system should ideally 
have.    
 
 
Figure 1 - Biopsy from gliomatosis cerebri low echogenicity area 
 
Figure 42 - Biopsy from Gliomatosis cerebri between high and low echogenicity area 
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Figure 43 - Biopsy from Gliomatosis cerebri high echogenicity area 
 
The histograms presented below are the result of image analysis of selected areas around the 
biopsy needle in the images taken during biopsies. It is obvious that the scarce infiltration of 
the brain in gliomatosis cerebri produces a relatively homogeneous pattern of infiltration, 
which on image analysis is represented by similar features for all three areas within the 
tumour. 
 
 
 
Histogram/US 1     Histogram/US 2    Histogram /US 3 
 
Real time 3D US in the biopsy and resection of brain tumours 
Vasileios Apostolopoulos – Imperial College 2014 
 
74 
 
           
Figure 44 – The histograms/US from three separate specimens from a patient with 
gliomatosis cerebri 
Histogram 1: Low Echogenicity area 
Histogram 2: Between low and high echogenicity areas 
Histogram 3: High echogenicity area 
Indeed the histological analysis of all three specimens revealed that the specimen from the 
high echogenicity area was found with the highest cellularity. As it can be seen from the 
histograms above despite the fact that the max pixel brightness was the same in all three 
specimens, the mean pixel brightness was highest in the specimen with the highest cellularity 
(consistent with the slightly higher echogenicity). The standard deviation (width of the 
histogram) was higher than usual for all the specimens reflecting the diffuse infiltration of the 
brain. However, the specimen from the high echogenicity area (highest mean pixel 
brightness) was found with the lowest standard deviation reflecting low diversity of the 
specimen due to presence of crowded malignant cells. As before in this case it was confirmed 
that mean pixel brightness is well predictive for cellularity (tissue density), whereas standard 
deviation is predictive for diversity observed in interfaces between low grade tumours and 
brain, at the infiltrating margins of high grade tumours and in areas of higher cellularity in 
diffusely infiltrative tumours like in gliomatosis cerebri case presented here. The relationship 
of the measured parameters is graphically demonstrated in figure 46 below.  
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Figure 45 - Comparative image analysis of three separate specimens in gliomatosis 
cerebri 
 
Image analysis features of various intraaxial brain tumours (468 pixels) 
 
Gliomatosis cerebri 
Image analysis of the three gliomatosis cerebri cases we analysed produced uniform patterns 
consistent of the pattern of brain infiltration without any solid tumour. In one of these cases 
however, we were able to recognize and target areas with higher cellularity. We consider this 
case significant as it is a nice demonstration of the high sensitivity of the US to detect the 
presence and extent of brain pathology.  
These specimens of the case presented below came from a patient who since the initial 
presentation was followed-up with serial imaging and was managed conservatively as the 
patient remained clinically stable. The indication for biopsy was based on gradual cognitive 
decline, without however any associated changes on the follow up imaging, including 
physiological MRI.  During the procedure we obtained specimens from adjacent areas which 
on bare eye seemed to have different echogeneity. These differences were confirmed with 
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objective measurements of the MPB of the relevant ROIs and were correlated with the 
histological features of the relevant biopsy specimens obtained. We found that subtle 
differences in echogeneity as measured with MPB correlated with equally subtle differences 
in cellularity (tables 4, 5).   
 
ROI Analysed Nr of 
pixels 
MPB CI 95% SD Min Max 
Low Cellularity Gliomatosis Cerebri  
 
468 61.233 
60.225 - 
62.240 
11.120 30.0 107.0 
Interface of Low/High Cellularity 
areas Gliomatosis Cerebri 
468 70.318 
69.195 - 
71.442 
12.397 46.0 108.0 
Table 4 - Results of Paired Samples t-test of MPB in Low Cellularity Gliomatosis 
Cerebri vs. Interface of Low/High Cellularity Gliomatosis Cerebri p value: < 0.001 
 
ROI analysed Nr of 
pixels 
MPB CI 95% SD Min Max 
Interface of Low/High Cellularity 
areas Gliomatosis Cerebri 
468 70.318 
69.195 - 
71.442 
12.397 46.0 108.0 
High Cellularity Gliomatosis Cerebri 468 92.893 
91.881 - 
93.905 
11.171 53.0 130.0 
Table 5- Results of Paired Samples t-test of MPB in ‘interface of low and high 
cellularity’ vs. ‘high cellularity’ gliomatosis cerebri - p value: < 0.001.  
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Figure 46- Digital image obtained during biopsy and image analysis histogram from 
ROI of low cellularity gliomatosis cerebri 
     
Figure 47 - Digital image obtained during biopsy and image analysis histogram from 
ROI of interface of low/high cellularity gliomatosis cerebri 
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i   
Figure 48 - Digital image obtained during biopsy and image analysis histogram from 
ROI of high cellularity gliomatosis cerebri  
The ROI representative of the biopsy specimen with the higher cellularity was also found to 
have relatively lower SD deviation (figures 47, 48, 49). The area between the high and lower 
cellularity area was found to have the highest SD, indicating the intrinsic heterogeneity of 
this area due to the transition from the lower to the higher cellularity area. These are 
significant findings if one takes into account that the MRI, including physiological MRI did 
not reveal an area that we could use a target. The patient was eventually treated with full 
brain radiotherapy.  
   
Grade II oligodendroglioma with areas of anaplastic transformation 
Similar but more obvious patterns were observed in low grade tumours containing higher 
grade areas. In the representative scan below three biopsies were obtained from a grade II 
oligodendroglioma suspected of containing areas of higher grade. The preoperative scans had 
revealed areas of enhancement. Biopsies were taken from the low echogenicity area, high 
echogenicity area and the interface of the tumour and brain. The higher echogenicity areas 
(higher MPB) correlated to the areas of malignant transformation. Figure 50 below 
demonstrates the greater resolution of the US images in defining these areas when compared 
to the preoperative MRI.  
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Figure 49 - Image correlation/comparison between stealth MRI and real time US in a 
patient with oligodendroglioma containing transforming nodules 
Figure 51 below demonstrated the areas of the biopsy and the relevant ROIs analysed. The 
results of the image analysis of these ROIs are presented in figure 52 below.   
 
 
Figure 50 - Areas of biopsy transformed oligo 
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Figure 51 - Oligo II with nodules of anaplastic transformation.  
Tables 6 and 7 below demonstrate the statistically significant correlation between the 
cellularity and the MPB and SD. The biopsy specimen obtained from the area with the 
anaplastic transformation was found with the highest MPB. In this case the SD was also 
found to be relatively higher at the ROI representing the area of anaplastic transformation 
when compared to the SD of the grade II area and the interface. During this study we have 
observed that the SD is not only a good indicator of intrinsic diversity, but also reflects the 
change of state of an area of the brain parenchyma or a tumour. This can be either in the form 
of infiltration of brain parenchyma or the change of the cellularity of a tumour to a higher 
cellularity like in this case presented here.    
ROI analysed Nr of pixels MPB CI 95% SD Min Max 
Oligo II 468 122.177 120.954 - 123.400 13.498 88.0 162.0 
Oligo Transformed Areas 468 182.216 180.687 - 183.745 16.874 123.0 228.0 
 
Table 6 - Results of Paired Samples t-test of MPB in Oligo_II vs "Oligo_Areas of 
anaplastic transformation" – p value: <0.001 
 
ROI analysed Nr of pixels MPB CI 95% SD Min Max 
Oligo II  468 122.177 120.954 - 123.400 13.498 88.0 162.0 
Oligo/Brain Interface  468 31.457 30.178 - 32.737 14.123 10.0 110.0 
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Table 7– Results of Paired Samples t-test of MPB in Oligo II vs. Oligo/Brain Interface p 
value: < 0.001  
 
Glioblastoma multiforme 
In 68 GBMs included in this study we persistently observed identifiable patterns 
characteristic of the solid, necrotic, and infiltrating interface of the tumour with the brain 
(figures 53, 54, 55).  
 
    
Figure 52- Digital image obtained at the time of the biopsy and Image analysis 
histogram from solid GBM 
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Figure 53 - Digital image obtained at the time of the biopsy and image analysis 
histogram from necrotic GBM 
   
Figure 54 - Digital image at the time of the biopsy and image analysis histogram from 
the interface of GBM with brain 
ROI analysed Nr of pixels MPB CI 95% SD Min Max 
GBM solid 468 188.831 187.776 - 189.886 11.645 152.0 213.0 
GBM necrotic  468 123.222 121.846 - 124.598 15.190 81.0 168.0 
 
Table 8 - Results of Paired Samples t-test of MPB in GBM _Solid_ vs GBM _Necrotic – 
p value: < 0.001 
 
ROI analysed Nr of pixels MPB CI 95% SD Min Max 
GBM solid  468 188.831   187.776 - 189.886 11.645 152.0 213.0 
GBM/ brain Interface  468 70.771 69.379 - 72.164 15.367 38.0 105.0 
 
Table 9 - Results of Paired Samples t-test of MPB in GBM solid  vs.  GBM Brain  
Interface - p value: < 0.001  
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The solid part of the GBMs was found to have the highest MPB with a relatively low SD 
(tables 8, 9). Lower MPB and relatively high SD was observed at the necrotic core of the 
tumour. Low MPB with high SD was consistently observed at the infiltrating margin of the 
tumour. The interface of the GBM with brain tissue demonstrated high SD reflecting the high 
infiltrating potential of these tumours. In 27 GBMs (39.7%) we encountered a different 
pattern of solid GBM, with relatively lower MPB and unusually high SD. For the purposes of 
this study we called this pattern high SD solid GBM, a pattern most likely related to the early 
necrosis of the solid part of the GBM (hence the relatively low MPB), which frequently 
happens when these hypercellular tumours outgrow their blood supply. This is what perhaps 
gives the analysed area a high degree of intrinsic heterogeneity. Thus, the US data may be 
able to demonstrate necrosis before it is apparent on CT / MRI brain scans.  
 
Anaplastic astrocytomas  
In 6 anaplastic astrocytomas we obtained biopsies and carried image analysis of the digital 
images at the core, the periphery, and the interface of these tumours. The histograms from 
one patient data set below are representative of our findings for all cases (figures 56, 57, 58). 
The patient had an infiltrative low grade astrocytoma which subsequently underwent 
transformation to an anaplastic. The SD is similar to that seen in gliomatosis cerebri. The 
highest MPB was observed at the core of the tumour. The highest SD was found at the 
interface of the tumour. We observed that overall, when compared to the GBMs, anaplastic 
astrocytomas were generally found with lower MPB of the core of the tumour (tables 10, 11).  
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Figure 55- Image analysis histogram, anaplastic astro core 
 
Figure 56 - Image analysis histogram, anaplastic astro periphery 
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Figure 57 - Image analysis histogram, anaplastic astro interface 
 
ROI Analysed Nr of pixels MPB CI 95% SD Min Max 
Grade III Core 468 166.705 165.601 - 167.809 12.182 126.0 208.0 
Grade III Periphery 468 120.186 119.087 - 121.285 12.131 94.0 148.0 
 
Table 10- Results of Paired Samples t-test of MPB in Grade III Core  vs.  Grade III 
Periphery  p value < 0.001 
 
ROI Analysed Nr of pixels MPB CI 95% SD Min Max 
Grade III Periphery 468 120.186 119.087 - 121.285 12.131 94.0 148.0 
Grade III Interface 468 83.303 82.127 - 84.480 12.981 45.0 131.0 
 
Table 11 - Results of Paired Samples t-test of MPB in Grade III Periphery  vs.  Grade 
III Interface p value < 0.001 
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Astrocytomas II 
Low grade infiltrative astrocytomas were found to have consistently lower MPB in the centre 
and periphery, but most importantly were found with a relatively low SD at their interface 
with the brain, indicative of their lower infiltrative potential. The SD at the interface was still 
higher than that of the core and the interface (tables 12, 13).  
The histograms below are representative of a low grade infiltrative astrocytoma and 
demonstrate again the wider distribution of pixels at the interface (higher SD), a pattern 
observed with all infiltrative tumours analysed earlier.  
 
 
Figure 58 - Image histograms from 3 ROIs - infiltrative astrocytomas 
 
ROI Analysed Nr of pixels MPB CI 95% SD Min Max 
Astro II Core MPB  468 85.799 84.863 - 86.735 10.334 49.0 121.0 
Astro II Periphery  468 77.795 76.762 - 78.827 11.396 49.0 120.0 
 
Table 12- Results of Paired Samples t-test of MPB in Astro II Core  vs.  Astro II 
Periphery, p value <0.001 
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ROI Analysed Nr of 
pixels 
MPB CI 95% SD Min Max 
Astro II Periphery  468 77.795 
76.762 - 
78.827 
11.396 49.0 120.0 
Astro II/ Brain Interface 468 61.511 
60.570 - 
62.451 
10.384 36.0 100.0 
 
Table 13- Results of Paired Samples t-test of MPB in Astro II Periphery  vs.  Astro II 
Interface p value < 0.001 
 
Pilocytic Astrocytomas 
Image analysis was carried our from the core and the interface of a pilocytic astrocytoma 
which was then completely excised (figure 60, 61, table 14).  
 
 
Figure 59- US - guided debulking of pilocytic astrocytoma 
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Figure 60 - Image analysis histograms from 2 ROIs in a pilocytic astrocytoma 
 
ROI Analysed Nr of pixels MPB CI 95% SD Min Max 
Pilocytic Core 468 124.476 123.198 - 125.755 14.109 94.0 168.0 
Pilocytic/Brain Interface 468 38.115 37.070 - 39.161 11.540 20.0 78.0 
 
Table 14- Results of Paired Samples t-test of MPB in Pilocytic Core  vs.  Pilocytic 
Interface p value < 0.001 
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The analysis of one case of pilocytic astrocytoma in this study showed that the SD at the 
interface is significantly lower than the SD at the core of the tumour. The pattern is 
completely different (exactly the oposite) from what we observed with the higher grade 
astrocytic tumours. The pattern observed here is similar to that seen with inflammatory 
lesions like the one presented below.  
 
Inflammatory lesions 
Analysis of a single inflammatory lesion is presented here to demonstrate the different pattern 
that these lesions have, when compared to the intrinsic infiltrative tumours presented earlier 
and also to highlight the similarities of the pattern observed here with that observed during 
the analysis of the pilocytic astrocytoma. As observed with the pilocytic astrocytoma the SD 
at the periphery is relatively lower than the SD at the core of the lesion. Because of the 
smaller size of the lesion only 120 pixels were analysed. The case we present here (figure 62, 
table 15) is an example of how useful real time US can be, by defining further the ring 
enhancing non infiltrative lesion. The specimens were taken from a patient with a right 
frontal lesion in the context of long standing multiple sclerosis. The indication for imaging 
and biopsy of the lesion was decided in a multidisciplinary meeting because of the gradual 
increase of the size of the lesion and its atypical imaging characteristics for a demyelinising 
plaque. Two biopsy specimens were achieved; one from the centre and one from the margin 
of the lesion. Image analysis was carried out for 2 ROIs representing the biopsy specimens 
from inside and the interface of the lesion with the brain.  
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Figure 61- Digital images obtained at the time of the biopsy and image analysis 
histograms from 2 ROIs in an inflammatory lesion 
 
ROI Analysed Nr of 
pixels 
MPB CI 95% SD Min Max 
Inflammatory Lesion 120 168.8 
165.155 - 
172.445 
20.374 109.0 211.0 
Inflammatory Lesion/Brain 
Interface 
120 71.675 
68.426 - 
74.924 
18.159 38.0 112.0 
 
Table 15 - Results of Paired Samples t-test of MPB in Inflammatory Lesions vs. 
Inflammatory Lesion Interface p value < 0.001  
 
The higher SD of the core reflects the intrinsic diversity of the lesion secondary to the 
presence of demyelinated axons, microglia, and gliosis. The histopathological analysis of this 
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part of the lesion showed subcortical white matter with an area of demyelination with mild 
reactive astrocytosis. The sharply defined margins of this inflammatory lesion can also 
explain the lower SD. The histopathological analysis of the specimen obtained from the 
margin of the demyelinating lesion found features suggestive of axonal damage and a 
peripheral rim of activated microglia and macrophages, without evidence of chronic 
inflammation around blood vessels.  
MPB/SD index (ITI) 
The MPB/SD index, which we have called the Imperial Tumour Index (ITI) is an attempt to 
quantify the differences in patterns of distribution of the MPB and correlate this to tissue 
type. We observed that the ITI is proportional to cellularity and is raised in solid areas of high 
grade tumours. The solid part of a GBM was found to have the highest ITI (table 16).  
Tumour Nr 
Pixels 
MPB SD ITI 
Low 
cellularity 
gliomatosis 
cerebri 
468 61.233 11.120 5.507 
Between 
low and 
high 
cellularity 
gliomatosis 
cerebri 
468 70.318 12.397 5.672 
High 
cellularity 
gliomatosis 
cerebri 
468 92.893 11.171 8.316 
Oligo 
transformed 
areas 
468 182.216 16.874 10.799 
Oligo II 468 122.177 13.498 9.051 
Oligo 
interface 
468 31.457 14.123 2.227 
GBM solid 468 188.831 11.645 16.216 
GBM 
necrotic 
468 123.222 15.190 8.112 
GBM   
interface 
468 70.7771 15.367 4.606 
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Astro III 
core 
468 166.705 12.182 13.685 
Astro III 
periphery 
468 120.186 12.131 9.907 
Astro III 
interface 
468 83.303 12.981 6.417 
Astro II 
core 
468 85.799 10.334 8.303 
Astro II 
periphery 
468 77.795 11.396 6.827 
Astro II 
interface 
468 61.511 10.384 5.924 
Pilocytic 
core 
120 124.476 14.109 8.822 
Pilocytic 
interface 
120 38.115 11.540 3.303 
Inflam 
lesion core 
120 168.800 20.374 8.285 
Inflam 
lesion 
interface 
120 71.680 18.159 3.947 
 
Table 16- ITI calculated for analysed ROIs of different types of tumours - p<0.001 
 
The Infiltration Index (SD ratios between the core of the tumour and the interface between 
the tumour and the brain). 
The infiltration Index (II) calculated as the SD core/SD interface tumour with the brain were 
calculated (table 17). The core of the tumour was conventionally chosen as the area of the 
tumour most representative of the tumour cell population. These ratios were found to be 
inversely proportional to the infiltrative potential of the tumour. The lowest SDr was 
observed with GBMs. SDr>1 was found in pilocytic astrocytomas and inflammatory lesions, 
lesions with no infiltrative potential.   
ROI 
Analysed 
Nr of 
pixel
s 
MPB SD SDr Notes 
Oligo II 468 
122.17
7 
13.49
8         
Oligo/Brain 
Interface  468 31.457 
14.12
3 0.955745946 (oligo II/interface)     
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GBM solid 468 
188.83
1 
11.64
5         
GBM/ brain 
Interface  468 70.771 
15.36
7 0.757792673 
(GBM 
solid/interface)     
Grade III 
Core 468 
166.70
5 
12.18
2         
Grade III 
Interface 468 83.303 
12.98
1 0.938448502 
(Grade III 
core/interface)     
Astro II Core 
MPB  468 85.799 
10.33
4         
Astro II 
Periphery  468 77.795 
11.39
6         
Astro II/ 
Brain 
Interface 468 61.511 
10.38
4 0.9951849 
(Astro II 
core/interface)     
Pilocytic Core 468 
124.47
6 
14.10
9         
Pilocytic/Brai
n Interface 468 38.115 11.54 1.222616984 
(Pilocytic 
core/interface)     
Inflammatory 
Lesion 120 168.8 
20.37
4         
Inflammatory 
Lesion/Brain 
Interface 120 71.675 
18.15
9 1.121978082 
(Inflammatory lesion 
core/interface) 
 
Table 17- SD ratios of representative tumours analysed. 
 
Comparative image analysis of infiltrated brain vs normal brain. 
Considering the falx an impermeable barrier to malignant cells we compared the US features 
of the infiltrated and non infiltrated brain (figure 63) . 
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Figure 62 – Compararative image anaysis on both sides of the falx 
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Figure 63 – Histograms of normal cortex (L) and infiltrated brain (R) 
In the histograms above (figure 64) it is interesting to observe the clear difference between 
normal brain and infiltrated brain with vasogenic oedema. The mean pixel brightness of the 
normal cortex is the lowest we found from all measurements. It is interesting to observe the 
striking difference of the two areas which on the CT look similar.  
 
Ultrasound quantification of brain infiltration by applying the thresholding technique 
The close relationship we observed between US echogenicity (as measured with mean pixel 
brightness) and cellularity led us to the idea of attempting to measure brain infiltration at 
different distances from the solid part of high grade tumours (figure 65). To counteract the 
attenuation which happens as the US waves go deeper from the surface, we chose ROIs 
almost the same depth from but at increasing distances from the solid part of the tumour. We 
also carried out image analysis for gyral cortex on the oposite hemisphere. We considered 
this as non infiltrated cortex.  
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Figure 64 - Image analysis of ROIs at increasing distance from the solid rim of the 
tumour 
 
Table 18 and the graph in figure 66 below demonstrate the comparison of the analysed ROIs. 
 
ROI Min Max Mean Stan Dev 
1 12 46 22.824 6.9 
2 5 29 13.2 4.2 
3 2 16 7.973 2.393 
N 3 42 15.97 6.809 
 
Table 18- Image analysis of areas at increasing distance from the solid rim of a GBM 
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Figure 65 - Comparative image analysis of ROIs at increasing distance from the solid 
rim of a GBM 
 
Image analysis can use MPB measurements and by applying colour coded thresholding can 
compile colour images that represent the extent of the infiltrative tumour.   
 
Figure 66 - Intraoperative of GBM 
 
For the specific case of GBM visualised above in figure 67, we defined as GBM range the 
range that included all the brightness intensities observed within the tumour and in the 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
Min Max Mean Stan Dev 
US quantification of brain infiltration 
1 
2 
3 
N 
Real time 3D US in the biopsy and resection of brain tumours 
Vasileios Apostolopoulos – Imperial College 2014 
 
98 
 
surrounding infiltrated brain. The thresholding technique applied for these settings created the 
image seen in figure 68 below. It is certain that to demonstrate these threshold parameters as 
a reliable way to visualize tumours a large prospective study with predefined US parameters 
needs to be carried out for a high number of patients.  
 
Figure 67 - Example for threshold calculations to create coloured image demonstrating 
brain infilttation 
 
There are certainly several parameters that should be taken into account while measurements 
of tumour infiltration are made. One needs to make sure that the natural attenuation effect of 
the ultrasound waves as they travel deeper is taken into account at all measurements. Ideally 
measurements of normal brain should also be analysed to allow the relative echogenicity to 
be measured. This however would require larger craniotomies or a separate burr hole over 
normal brain. By applying the threashold technique it is possible to attempt image analysis of 
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common artefacts. The images in figure 69 below were created by analysing the US digital 
images of a surgical cavity lined with surgicel.  
 
 
Figure 68 - Thresholding technique applied for image anaysis of artefact (surgicel) in a 
tumour cavity 
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US-guided resection of intrisic brain tumours 
Real time US image guidance can be an invaluable tool for resection control during 
operations of infiltrative tumours. 
Correlation of the real time image with the conventional preoperative image allows the 
surgeon to familiarize with the location and appearance of the tumour and the progress of the 
resection. Figure 70 below is a simple example of the step by step complete resection of a 
tumour.  
 
Figure 69 - US-guided resection of glioma 
 
Artefacts 
We were also able to compare and to define the image characteristics of common artefacts 
like surgicel. In the image attached below complete resection of a low grade tumour was 
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achieved. The radical removal of the tumour was confirmed on the postoperative MRI, as 
reported by the consultant neuroradiologist.  
 
Figure 70 - Surgical cavity (complete resection of grade II oligodendroglioma) lined 
with surgicel 
This image seen in figure 71 above was taken while scanning the surgical cavity which was 
lined with surgicel and contained crystal clear saline. Despite the fact that some of the bright 
rim at the margins of the cavity is caused by the mirror artefact, which is caused by the 
reflection of the ultrasound waves which cross a cavity and reflect on cavity walls, we have 
to assume that the pattern of high MPB and high SD observed in the histogram below is a 
combination of the both (surgicel + mirroring).  
 
Figure 71 - Histogram surgical cavity and surgicel - No residual tumour 
Real time 3D US in the biopsy and resection of brain tumours 
Vasileios Apostolopoulos – Imperial College 2014 
 
102 
 
As explained in the materials and methods the look up tables of any image can be changed to 
colour ones. The colours are automatically defined by the software and help to codify 
different pixel brightness intensities.  
 
Figure 72 - Red ('Fire') Look Up Table for the image demonstrating surgical cavity 
after radical removal of grade II oligodendroganglioma 
 
Once the image characteristics of certain pathologies and certain artefacts are rigidly defined, 
colour surface plots can become very useful in comparing side by side normal and abnormal 
areas on the same patient. Once the image characteristics of brain infiltration are established 
these plots can also be useful in drawing the extent of infiltrated brain. We are aware that 
defining and testing well established image parameters that correlate rigidly with certain 
pathologies will require large prospective studies.  
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DISCUSSION 
 
In this prospective study we used high definition 3DiUS to guide biopsies and resections of 
intrinsic brain tumours. We then carried out image analysis of selected ROIs from the digital 
images obtained at the time of the biopsies and also carried out image analysis of further 
ROIs to gain more information to validate our results. We have observed that image analysis 
enhances significantly our ability to interpret digital US images, which are usually 
underinterpreted when observed with a vare eye.  
We acknowledge the bias which resulted from strict selection criteria of images, but in this 
preliminary observational study we think was absolutely necessary to allow maximum usage 
of the image analysis software we used, and to avoid false positive or false negative results 
due to artefacts. We also recognise that artefacts and image quality in US imaging has been 
and will always be a disadvantage, but the steep learning curve we have observed in our team 
shows that using intraoperative US is feasible. As we clarified already comparison of the 
system we used for this study or measurement of clinical ooutcomes fall beyond the aimof 
this study.  
The ability of the 3DiUS to update repeatedly the integrated real time navigation system 
proved a useful tool to maintain accuracy of the navigation system during resection of brain 
tumour where due to progressive change of the tumour volume the initial navigation imaging 
necomes inevitably inaccurate.  
The differences of the US machine gain settings, which cause different brightness intensities 
from case to case, was not considered to be a limiting factor, because our observations and 
conclusions were mainly based on recognising repeated patterns of the distribution of the 
pixels to different brightness intensities not on  comparing absolute numbers. We also 
calculated the IBI and the SDr between different areas of the same tumours. 
The differences in the MPB and SD in ROIs representing different histological specimens 
were found to be statistically significant. The results, although a novelty, should not be 
considered unexpected if one takes into account the nature of the US as a mechanical wave 
traveling though tissues. Any pathology or variation of the normal state affects the tissue 
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density and produces a specific US appearance. Underinterpretation of US images, which has 
been a well recognzed problem, is the reason why we think that image analysis, or other 
means of objective interpretation of US images can be important in maximising the use of US 
as an intraoperative guiding tool.  
MPB, an objective quantification of echogenicity, may thus be read as a surrogate measure of 
tissue density, which in turn is a sensitive indicator of cellularity. US is a mechanical wave 
that suffers significant alterations (attenuation) as it travels through the tissues. As any 
pathology alters the physical characteristics of the brain in a specific way, US waves equally 
undergo recognisable patterns of alterations that can be tracked by using image analysis. The 
use of image analysis in this study eliminated the subjective interpretations of the US used in 
previous studies and emphasized the potential of the US as a real time imaging modality. Our 
observations demonstrate the sensitivity of the intraoperative US, not only to identify the 
presence and the extent of the intrinsic brain tumours, but also to identify the presence of 
higher cellularity areas within a low grade tumour. In the case of gliomatosis cerebri 
presented above we observed that even minute differences in cellularity can be identified as 
corresponding minimal changes in pixel brightness, which were found to be statistically 
significant. This observation, if validated in a larger series of cases, can potentially help in 
identifying the extent of brain infiltration better than conventional imaging (CT or MRI).  
SD was higher at the infiltrating margins of the tumours and within the same tumour in areas 
of different cellularity. A possible explanation for these observations is that where different 
types of cells blend together they produce an area that contains a heterogenous population of 
cells with different echogenic characteristics. This intrinsic diversity gives the tissues 
physical properties that can be visualised by US. At the other end of the spectrum, 
hypercellular areas like the solid part of GBMs, formed by crowded malignant cells, have 
relatively low SD as they are made up by a single type of cells. Standard deviation at the 
margins of a lesion, when sampled and analysed in real-time, can give the surgeon an idea of 
a surgical plane and the possibility of more radical safe resection. 
Our results are significant in the context of the growing evidence that the extent of resection 
of intrinsic brain tumours has a bearing on the clinical outcome (Stummer et al 2005). In the 
last decade there has been a significant trend to develop intra-operative imaging modalities to 
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guide surgical precision and aid maximal safe tumour resection. The high cost of the 
intraoperative MRI and its complex logistics are barriers to its widespread use, both for 
healthcare services in developing economies but also in the western world. Today only the 
minority of neurosurgical centres in Western Europe are in possession of intraoperative 
MRIs.   
The two new indices, the ITI (Imperial Tumour Index) and II (SDr), we have proposed and 
presented earlier may help to guide the interpretation of the US imaging obtained in real-
time. The ITI correlates with the cellularity of the tissue. This is useful when choosing a 
specific area of the tumour for histological sampling. The II has the potential that during 
surgery for resection of an intrinsic brain tumour, can guide the surgeon to the region of the 
interface between brain and tumour. These indices were not found to be statistically 
significant and most likely due to the imense heterogeneity of the intrisic brain tumours and 
the relatively low number of patients in our cohort.  
Image analysis can be refined further with second order calculations like co-occurrence 
matrix. These calculations establish the probability that a pixel with a certain brightness 
intensity is found adjacent to another pixel with a certain brightness intensity. These 
calculations give a population of pixels a unique mathematical and statistical definition. 
Second order calculations fall beyond the purpose of this thesis but are the subject of an 
ongoing study in our department.  
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Figure 73 - 3D graph of a co-occurrence matrix of a grey-scale image. The x- and the z-
axis represent the pixel brightness levels (maximum 32), whereas the y-axis represents 
the occurrence of each pixel brightness correlation. 
 
Our findings suggest that routine use of image analysis of real time intra-operative US images 
may prove to be a powerful tool that can help to maximise the objective interpretation of US 
images and can serve to develop clinical translational applications. Further studies are 
necessary to validate our results and also to establish whether second order calculation can 
support the specificity of the US data.  
 
SUMMARY 
In this study we used 3DiUS to guide multiple brain biopsies and tumour resections. Image 
analysis  used to analyse ROIs from digital images we obtained at the time of the biopsies 
proved useful in quantifying underinterpreted features of the US imaging. These features 
correlated very well with the histological features of the relevant biopsy specimens. If 
objectively interpreted US can be an extremely sensitive tool in detecting the presence and 
extent of brain tumours and other pathological states of the human brain. This can also help 
in detecting resisual intrinsic tumour within a surgical cavity, or to detect the higher 
cellularity area within a low grade tummour. 
 
CONCLUSIONS 
Intraoperative 3DiUS is a very accurate intraoperative guidance tool that can be employed as 
an adjunct to preoperative imaging. This work has provided significant evidence about the 
high sensitivity of the US, but further studies are necessary to support its specificity. 
Intraoperative US has a great potential in improving the yield of biopsy and can help 
maximising the resection of intrinsic brain tumours, with few changes required to existing 
theatre costs, space and scheduling. As an image modality US is definitely operator 
dependent therefore the best results can be achieved by experienced operators who use 
intraoperative US on a regular basis.   
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FUTURE STUDIES 
 
Prospective studies with predefined US gain settings would allow to establish stricter image 
analysis criteria and more accurate comparison of the image analysis features of various 
tumour types. Such a study should be carried out to an adequately large cohort of patients the 
size of which should be estabblished with the help of a statistician. By applying threshold 
calculations on tissue density it is possible to calculate the brain infiltration at various 
distances from the intrinsic tumours. Second order calculations can also help to prove the 
specificity of US.   
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